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A b s t r a c t
With annual global energy consumption predicted to double by 2050 and CO2 emissions 
having already reached crisis point, the growing demand for renewable and environmentally 
clean power sources has been propelled to the forefront of academic and industrial research. 
One strategy currently under investigation is the employment of enzymes in enzymatic fuel 
cells (EFCs), which convert chemical energy to electrical energy. This research focused on 
comparing the use of different protein-stabilising agents in low-cost bilirubin oxidase (BOD) 
from Myrothecium verrucaria cathodes with sandwich architectures, for biocatalysis of the 
electrochemical oxygen reduction reaction (ORR).
As a novel route towards EFC cost reduction. Super P (carbon black powder, CEP) was 
initially selected as an electronically conductive enzyme support material. To increase direct 
electron transfer, COOH functionalisation of the CEP was investigated and characterised 
with ATR-FTIR, CRN and thermogravimetric analysis and the Eoehm titration technique. 
Chemical oxidation yielded surface COOH concentrations ranging between 0.16 -  1.70 
mmol g '\  which was determined with cyclic voltammetiy (CV) to be outside of the suitable 
range for application within EOD cathodes. This resulted in the use of multi-walled carbon 
nanotubes (MWCNTs) as the enzyme support material.
The effect of several room temperature ionic liquids (RTILs) on EOD activity was also 
investigated, resulting in the novel identification of three RTILs that are EOD-compatible in 
the absence of water: 1-ethyl-3-methylimidazolium ethylsulfate (EMIM-EtS04), 1-ethyl-3- 
methylimidazolium diethylphosphate (EMIM-Et2P04) and 1,3-methylimidazolium 
dimethylphosphate (MMIM-Me2P04).
Two EOD cathodes, utilising the non-ionic surfactants (NISs) Triton X-100 and Tween 20, 
were developed, optimised and characterised. Triton X-100 was determined to be the 
favourable NIS for three-layer EOD cathode fabrication, compared to Tween 20, especially 
with respect to electrode current densities (-81 vs. -60 |liA  cm‘^  at 0.3 V vs. Ag|AgCl at 
pH 5.0) attributed to the EOD-catalysed ORR. Chronoamperometric studies over a period of 
8 days showed no difference between the stability of the two EOD cathodes.
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Introduction Ch. 1
1.1 Energy for the Future
Annual global energy consumption currently stands at over 552 quadrillion kJ (Figure 1.1) 
and is projected to double by 2050.'^’’ At present, approximately 80 % of this demand is 
sustained by the combustion of fossil fuels,^ ^^  generating vast volumes of CO? (g) that is 
claimed to cause global warming. Consequently, the necessity to find alternative methods of 
converting chemical, kinetic and light energy into electrical energy, which are efficient, 
environmentally clean and renewable; '^^  ^ has been propelled to the forefront of academic and 
industrial research.
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Figure 1.1 Total global energy consumption 1990-2040, based on historical data and projections. 
Data was obtained from the U.S. Energy Information Administration.^^^
Solutions for large-scale power generation have already been developed and successfully 
implemented,^"^  ^ such as hydro-electric power, wind turbines, solar photovoltaic cells and 
tidal energy. Currently, these renewable energy sources (RES) supply approximately 20 % 
of the global energy demand,^“^ with the intention to increase the supply to minimally 34 % 
by 2020. However, these RES are all intermittent as well as season-, weather- and climate- 
dependent. Moreover, their stationary nature means they are alone incapable of powering 
the vastly growing range of portable electronic devices that require a constant supply of 
electrical energy. Thus, the general consensus is that a multi-faceted approach is required to 
solve the energy c r i s i s .W h i l s t  major RES are suitable for large-scale power generation.
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alternative technologies are required to power smaller or even in vitro electronic devices 
such as pacemakers or glucose sensors.
Currently, batteries, which store energy electrochemically, are the most common 
commercially available form of portable electrical energy supply that discharges over a long 
period of time. In spite of the fact that energy density of batteries has tripled over the past 20 
y e a r s , t h e y  are still plagued by several limitations.^^  ^ The charge/discharge cycle that 
occurs in a battery drives the electrodes towards physical and chemical conditions that 
cannot be fully reversed upon charging,^^  ^ limiting the lifetime of the battery. Costs 
associated with battery production and disposal are known to be unfavourable,^*^ especially 
due to the high concentrations of toxic components contained within the battery. 
Furthermore, in many instances their presence can even dominate the size and operational 
cost of electronic equipment.^^^ Lastly, batteries are reliant on the regular input of electrical 
energy to recharge and so are unsuitable for devices where regular recharging is difficult.^^^^
Research efforts are focusing on improving the methods of electrical storage for portable 
devices,^"^ but an alternate solution would be to eliminate the need for storage of electrical 
energy altogether, by development of a means of in situ energy production. In recent 
decades, fuel cells have been given particular attention due to their efficiency and ability to 
sustain consistent power production over time by ‘simple’ consumption of renewable 
reactants.*^ °^^
1.2 Fuel Cells
Fuel cells are devices that are capable of directly transforming chemical to electrical energy 
via electrochemical reactions.^^^  ^ All fuel cells work on the same principle: fuel is oxidised 
in the anode compartment of the cell producing electrons, which flow through an external 
circuit to the cathode where they typically react with free protons to reduce ambient oxygen 
to w a t e r . A t  the same time a charge balancing number of cations or anions are transferred 
between the anode and cathode.
Variations in the choice of catalyst and chemical composition of the electrolyte have resulted 
in many different types of fuel cells. Conventional fuel cells (CFCs) catalyse the oxidation 
of fuels such as hydrogen gas, methane and methanol with p- or d-block metal catalysts.^ '^^  ^
Power densities of up to several W cm"^  have been reported, but beyond the high power
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output, CFCs also have numerous limitations. They are often incapable of complete 
oxidation and require high operational temperatures of > 60 in some instances even 
beyond 200 The metal catalysts are highly expensive and are often plagued by
passivation or poisoning by contaminants in the fuel.^ °^^  Such temperatures and catalyst 
expense mean CFCs are impractical and not economically viable for application in common 
portable devices, such as mobile phones. Resolution of certain issues has been found 
through the utilisation of different catalysts, such as biological organisms.
1.2.1 Biological Fuel Cells
Biological fuel cells (BFCs) convert chemical energy to electrical energy via reactions that 
involve biochemical pathways,^^^  ^by replacing the precious metal catalyst employed in CFCs 
with biological catalysts such as microorganisms or enzymes. They typically operate 
between 20 and 37 °C and at near-neutral Biofuel cells can be sub-divided according
to the source of the biocatalysts used to perform the catalysis. Microbial fuel cells (MFCs) 
use whole living organisms (microbes) ,whil s t  enzymatic fuel cells (EFCs) use isolated 
and purified enzyme proteins.
Microbial Fuel Cells
The ability of microbes to regenerate enzymes and coenzymes means that MFCs typically 
have long lifetimes (up to five years).^^ ^^  MFCs are also capable of completely oxidising 
simple sugars to carbon dioxide, due to the wide range of enzymes produced by a single 
microbe. Some microbes are also reported to decolourise commercially used dyes.^ *^^  For 
these reasons, MFCs are typically employed in energy efficient wastewater treatment, where 
pollution reduction is coupled with power generation,^^ '^^^  ^ or for application to real-time 
monitoring of biochemical oxygen demand levels in wastewater treatment plants.
MFCs are restricted by low power densities (< 6 W m'^; < 500 W m'*)'^ *^^  owing to several 
limitations. Transport across cell membranes is slow, microbial communities change over 
time leading to fluctuating power densities^ '^^  ^ and microorganisms also have a low 
volumetric catalytic activity due to the vast amount of space in the cell cytoplasm that is 
utilised by non-enzymatic matter.^ °^  ^ In an attempt to eliminate this inefficient use of space 
and improve the transport of fuel directly to the catalyst, enzymes themselves have been 
isolated and used directly, creating enzymatic fuel cells (EFC).
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1.3 Enzymatic Fuel Cells
A typical EFC is depicted in Figure 1.2. An EFC contains an anode, where fuels such as 
fatty acids, alcohols and carbohydrates^^^^ are oxidised via enzymatic catalysis, producing 
electrons.^^°  ^ The electrons flow through an external circuit, providing resistance that serves 
as a load and are then transferred to the cathode, where via catalysis using an oxidoreductase 
enzyme they react with free protons to reduce oxygen to H2O.
Anode Cathode
Effluent
Prod ucts
Î Membrane
Figure 1.2 Schematic of a typical enzymatic fuel cell (EFC), where fuels are oxidised at the anode 
and oxygen is reduced to water at the cathode via enzymatic catalysis.
Full EFCs have enzyme catalysts at both anode and cathode, although hybrid EFCs have also 
been proposed, where one of the two electrodes is based on enzymatic catalysis and the other 
on traditional fuel cell catalysis, battery processes or microbes.
1.3.1 History of Enzymatic Fuel Cells
In 1964, Kimble and co-workers developed the first EFCs that yielded 175-370 mV, using 
two flavoprotein enzymes glucose oxidase and D-amino acid oxidase (species not specified)
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at the anode in conjunction with an O2 c a t h o d e I n  the late 1960s, an EFC was developed 
with the early goal of a power supply for a permanently implantable artificial heartJ^^’ It 
was soon realised, however, that power and the stability of power output of the prototype 
devices could not match the battery technology that emerged during the 1970s for such 
applications, so research into EFCs diminished in the 1970s in favour of CFCs with metal 
catalysts. However, a paper by Palmore et al. (1998) that demonstrated a new approach to 
lowering voltage losses due to the activation overpotentials related to the regeneration of the 
enzyme cofactors, specifically nicotinamide adenine dinucleotide (NAD^ /NADH);^^°’ 
coupled with progress in microelectronics where smaller and lower-energy consuming 
devices are being manufactured,^^^^ has prompted a recent resurgence in research activity into 
EFCs.
1.3.2 Mechanisms of Electron Transfer
Electron transfer within EFCs operates according to one of two mechanisms; mediated 
electron transfer (MET), where the exchange of electrons is mediated by a separate redox 
species; and direct electron transfer (DET), by which the biological species is able to directly 
tunnel electrons between the active site fixed in the enzyme and the electrode (Figure 1.3).^^“^
elec tron
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Figure 1.3 A schematic of electron transfer mechanisms utilised at the cathode in enzymatic fuel cell 
(EFC) technologies: (a) direct electron transfer (DET) and (b) mediated electron transfer (MET). 
Image obtained from Moehlenbrock et. al. (2008).'^’°^
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Despite lower current and power densities, DET systems are preferred over MET systems as 
the use of mediators gives rise to several key issues. A good mediator molecule would 
possess several characteristics, such as higher turnover rates compared to the enzyme, 
limitless regeneration and no inhibitory or poisoning effects on the enzyme. However, 
mediator molecules or ions are often not biocompatible, they increase overall cell resistance, 
also have limited lifetimes and are non-selective so can therefore be affected by impurities in 
the fiiel.^ °^^  MET systems also rely on the shuttling of the redox molecule or ion between the 
electrode and enzyme to facilitate electron transfer, a process that can be affected by mass- 
transfer l imitat ions.Furthermore,  as immobilisation of the mediator stands to inhibit its 
function, the concentration of the mediator can become depleted as it is difficult to prevent 
its removal via the EFC waste outlet. Only 5 % of known enzymes are reportedly able to 
facilitate DET^ ^^  ^and have subsequently gained research interest in recent years.
There are, in principle, two experimental approaches to establishing whether DET is 
occurring between redox enzymes and electrodes: indirect evidence based on observing a 
catalytic response current in the presence of the enzyme substrate, or direct evidence from 
observation of independent electrochemical activity of the redox cofactor comprising the 
active site in the absence of substrate.^^^  ^ While the former approach is generally more 
widely accepted, there exists some debate within the EFC research community on whether 
this approach can truly stand to conclude that DET is occurring. It is argued that the former 
(i.e. indirect) approach can overlook that electrode components onto which the enzymes are 
immobilised may act as electron transfer mediators, as in their absence limited or no current 
is detected, for example, between the polished surface of a glassy carbon (GC) electrode and 
the enzyme. However, it is also regarded that mediation can only occur if the proposed 
‘mediator’ is redox active. Thus, if it can be assumed with certainty that the electrode and 
electrolyte do not contain redox active components, then the indirect approach can be 
satisfactorily used to substantiate that DET is occurring.
1.3.3 Enzymatic Fuel Cells in the Present Day
Today, studies are being directed toward niche applications such as to power implantable 
devices, biosensors, drug delivery, micro-chips and portable power supplies.^^^’ One of 
the highest reported current densities in the literature was an EFC developed by Gellett et a l 
(2010) that employed an air-breathing laccase biocathode (from Rhus vernificerd) in a 40 % 
methanol, direct methanol fuel cell, which gave 50.0 mA cm'^ and a maximum power
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density of 8.5 mW Although, direct comparisons of EFC performance are difficult
as there is, as yet, poor adherence to normalisation of such data to standard or operational 
condi t ions ,such  as the area used to normalise power or current densitites.
1.3,4 Advantages of Enzymatic Fuel Cells
Research activity in EFCs is constantly growing, which is somewhat reflected by the sizable 
number of comprehensive reviews that are available on EFCs and aspects of EFC 
r e s e a r c h . T h e  use of enzymes as biological catalysts in a fuel cell is 
frequently reported to be encouraging for several reasons:
>  High catalytic activity
>  Highly substrate specific
> Enzymes are abundant and inexpensive
>  Wide range of fuels and therefore applications
High Catalytic Activity
Relative to MFCs, EFCs typically possess orders of magnitude higher power densities 
(although still lower than conventional fuel cells),^ *^  ^ as the nanometre scale of enzymes 
greatly improves the volumetric catalytic activity in comparison to microorganisms.
Many oxidoreductase enzymes exhibit high activity that results in increases in the rates of 
reaction by as much as 10 "^^ times the rate without catalyst present and they often have 
turnover frequencies (TOFs; per active site) of the order of 10^  s"V^ °^  Certain enzymes can 
have higher catalytic currents and lower overpotential than the precious metal platinum.^^^  ^
Moore et al. observed a TOF of ~ 21,000 s"^  for the enzyme [Fe-Fe] hydrogenase CaHydA 
from C. acetobutylicum on a bare gold electrode at -0.7 V vs. Ag|AgCl at pH 7.0.^ ^^ ^
Enzyme Substrate Specificity
The high regio-, chemo- and enantioselective nature of enzymes provides several benefits to 
EFCs. Due to their high substrate specificity, enzymes are not plagued by poisoning and 
inhibition by contaminants in the fuel to the same extent as counterpart metal catalysts,^^°  ^
allowing for a wider range of fuel grades, or even mixed fuel solutions, to be employed.^^^^
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Furthermore, in EFCs containing both cathodic and anodic enzymes,^^^  ^ the high substrate 
specificity eliminates the need for membrane separators Traditional BFC development 
has incorporated both cathode and anode in large diffusion cells (membrane-containing cell 
designs). This cell design greatly limits performance due to the low level of oxygen that is 
available for the oxygen reduction reaction (ORR). Oxygen is scarcely soluble in water with 
a solubility of around 7-8 mg L'  ^ when water is saturated with air at ambient temperature. 
When the oxygen consumption rate is higher than the rate of solubilisation, the concentration 
of dissolved oxygen decreases to the point where it becomes the limiting factor in the 
oxygen-consuming reaction, which translates to a (diffusion-limited) maximum current 
density of a few mA cm'^ .^ ^^  ^ Geometry further limits current production due to the sheer 
distance that ions must travel through solution, as the separation between the anode and 
cathode increases ohmic resistance. However, the high enzyme substrate specificity can 
eliminate the need for physical barriers between solutions. As a result, EFCs have the 
capacity to be miniaturised and consequently, micrometre-dimension membraneless EFCs 
have been developed.^^^’
Abundant and Inexpensive
Furthermore, enzymes are incredibly abundant and can be inexpensive. Developments in 
separation science in combination with advances in genetically enhanced enzyme expression 
in cell culture are paving the way towards simple and inexpensive production of large 
quantities of these catalysts.^^^^
1.3.5 Limitations of Enzymatic Fuel Cells
While EFCs possess much potential, they are still limited by several issues, namely 
incomplete oxidation of fuel, low active lifetime and low power output.
Low Active Lifetime o f EFCs
Problems related to enzyme stability are the primary cause of low active lifetimes in EFCs. 
The three-dimensional protein structure of both the enzyme active site and the 
macromolecule as a whole is essential to the catalytic activity of the e n z y m e . I f  the 
protein shell is denatured, the activity is lost. As a result, enzymes have a limited lifetime 
and without the presence of a cultivating species to regenerate the enzyme the concentration
10
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of active enzyme in the fuel cell will drop off with time. Additionally, enzymes can also 
leach away from the electrode biofilm, which risks them being removed from the fuel cell 
altogether via the waste outlet.
Low Power Output o f EFCs
Problems related to low power output in EFCs, can be attributed to several factors:
> Limitations in mass transfer of the substrate
> Limitations in electron transfer
> Enzyme loading
>  Reduction of enzyme catalytic activity, over time
Some hydrogenases, such as the [Fe-Fe] hydrogenase from Clostridium acetobutylicum, are 
reported to have TOFs close to equivalent to the precious metal platinum. However, the 
rate of an overall reaction and the subsequent current magnitude is affected not only by the 
reaction processes at the redox-active site, but also by the rate of mass transport of substrate 
between the electrode surface region and the bulk solution,^^^  ^ as well as the rate of electron 
transfer between the active site and electrode surface.
Mass transfer entails difiusion along concentration gradients, migration in the presence of an 
electric field and also convection in the presence of any form of agitation or forced 
m o t i o n . I n  composite electrodes, where the enzyme is embedded internally within the 
electrode architecture, mass transfer also relies upon diffusion of the substrate deep into the 
electrode architecture, which is often found to further limit the rate of mass transfer.
Inefficiencies related to the interfacial transfer of electrons between enzyme and electrode 
cause the cell performance to fall far short of what would be expected for such highly 
catalytic c o m p o n e n t s . E f f i c i e n t  electron transfer is reliant upon several factors, 
namely the enzyme’s proximity and orientation to the electrode surface,'^ ^^  ^ conductivity of 
the surrounding electrode material and the oxidation state of redox ‘mediators’ involved in 
electron transfer, which is often dependent on pH.
The term ‘enzyme loading’ refers to the amount of enzyme that can be immobilised onto an 
electrode surface, whilst maintaining the enzyme’s electrocatalytic activity. While enzymes 
have a higher volumetric catalytic activity than microorganisms, and a higher catalytic rate 
than p l a t i n u m , t h e  size of the protein shell means that platinum overall has a higher
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catalytic rate per cm^ compared to enzymes. Thus, larger geometric electrode areas are 
required to achieve comparable power outputs.
Reduction of the catalytic enzyme activity is directly related to the low active lifetime of 
enzymes. Without the presence of a cultivating species (e.g. microbes) to regenerate the 
enzyme the eoncentration of active enzyme in the fuel cell will drop off with time, leading to 
a simultaneous decrease in power output.
Recent research efforts on EFCs are focused on reduction of the impact of the 
aforementioned limitations. The numerous approaches that are being investigated involve 
enzyme immobilisation to improve electron transfer (Section 1.5), incorporation of protein 
stabilisers into electrode architectures to improve protein stability (Sections 1.7 and 1.8) and 
employment of nanomaterials as enzyme supports to increase enzyme loading (Section 1.6).
1.4 Bilirubin Oxidase for the Oxygen Reduction Reaction
This project looks at the development of a cathode for the oxygen reduction reaction (ORR). 
The enzyme catalysts studied for application to the ORR in EFCs are the multi-copper 
oxidases (MCO) such as laccases, bilirubin oxidases (BODs) and polyphenol oxidases.^ ^^ '^ "^  ^
The first MCO reported for application to an EFC cathode was a solution-phase laccase 
isolated from Pyricularia oryzae, by Tayhas et However, laccases are inhibited by
hydroxyl and chloride ions,^ ^^  ^which limits their use within a semi-implantable EFC, leading 
to increased focus on MCOs that are active under physiological conditions, such as BOD.
1.4.1 Reactions of BOD
BOD from Myrothecium verrucaria (MvBOD; EC 1.3.3.5), like other MCOs, is a 
monomeric protein with a molecular mass of 66 kDa.^ ’^  ^ In vitro, BOD catalyses the four- 
electron reduction of molecular oxygen to water with simultaneous oxidation of bilirubin 
(Figure 1.4) to biliverdin,^^^’ which is part of the process for removal of bilirubin from 
mammalian species (Equation 1.1). Bilirubin is a yellow-orange product of haemoglobin 
metabolism and a build-up of conjugated or unconjugated bilirubin in the tissue results in 
yellowing of the skin, commonly known as jaundice.^’^^
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OHHO
HNNH
NH HN
HgC
Figure 1.4 Chemical structure of bilirubin, the natural substrate of BOD, which is a yellow-orange 
product of haemoglobin metabolism associated with the yellowing of the skin, known as jaundice.
Bilirubin + V2 O2 Biliverdin + H2O (1.1)
Although, BOD is able to accept electrons from not only its natural substrate, but also from 
artificial electron donors, such as redox mediators in homogeneous catalysis, or electrodes 
poised at sufficiently reducing potentials in e l e c t r o c a t a l y s i s . A s  a result, in a fuel cell, 
BOD will catalyse the four-electron reduction of oxygen to w a t e r , s h o w n  in Equation 1.2.
O2 + 4e' + 4H^ (aq) 2H20(1) (1.2)
1.4.2 Structure of BOD from Myrothecium verrucaria
As in most MCOs, the protein structure of BOD from Myrothecium verrucaria is folded into 
three domains and four copper-binding sites are located in the clefts formed by domains 1 
and 3 (Figure 1.5).'^ ^^  ^ The four copper atoms are classified into three types: type 1 (Tl), 
type 2 (T2) and type 3 (T3), according to their spectroscopic and magnetic properties.
The Tl copper site functions as the electron mediator between the electrode (or bilirubin) 
and the T2/T3 tri-nuclear cluster (TNC),^ ^^  ^which is composed of one T2 Cu and two T3 Cu 
atoms. The TNG operates as the catalytic redox site, reducing O2 to water,^^^’ via
Equation 1.2.
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Figure 1.5 A cartoon representation of the crystal structure of BOD from Myrothecium verrucaria. 
The type 1 (T l) copper atom is shown in green, the trinuclear centre (TNG) Cu atoms are shown in 
blue. Channels from the TNG to the protein surface are shown as mesh surfaces, water molecules in 
the vicinity o f the channels are shown as red spheres. Image obtained from Cracknel 1 et al. (2011).^^^^
1.4.3 Efficiency of Electron Transfer
Electron transfer in MCOs can be subdivided into two categories -  intermolecular electron 
transfer and interfacial electron transfer between the electrode/mediator and enzyme. 
Efficiency of the ORR by BOD can be attributed to several factors associated with the 
mechanisms of electron transfer involving the enzyme.
1.4.3.1 Intermolecular Electron Transfer in MCOs
As presented in Section 1.4.2, the redox cofactor in MCOs is composed of two sites, the 
Tl Cu and the T2/T3 TNC. Successful ORR requires electron transfer to occur between the 
electron-accepting Tl site and the ORR catalysing T2/T3 site.^ ^^ ^
14
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O, + 4H'
Figure 1.6 Proposed mechanism o f DET between BOD and an electrode surface, where 
intermolecular electron transfer between the electron-accepting T1 Cu site and the ORR catalysing 
T2/T3 site is facilitated by a His-Cys-His bridge. Redrawn from Ramirez et al. (2008).^^’^
Inter-protein electron transfer generally requires a minimal electron transfer distance 
between the two redox active metal or organic cofactor centres in order to facilitate electron 
transfer at an acceptable rate,^ ^^  ^ (where an acceptable rate is defined as any rate that is faster 
than rate of enzyme catalysis and/or the rate of mass-transfer of the substrate and products). 
Typically, the rate is exponentially dependant on the transfer distance. Typically, the rate of 
electron transfer is exponentially dependant on the transfer distance. However, in the case of 
MCOs, the two T3 Cu ions and the T1 Cu are approximately 13 A a p a r t , b u t  this is 
compensated for by the presence of a His-Cys-His amino acid bridge, which has been 
suggested to provide a possible direct through-bond pathway for intramolecular electron 
transfer.'^^ ’^^^ ’^^  ^ This proposed scheme is presented in Figure 1.6 .
1.4.5.2 Interfacial Direct Electron Transfer (DET) by BOD
Although laccases have been found to be very efficient biocatalysts for the ORR, BOD 
enzymes have been found to be more effective in DET and more efficient at ORR, which has 
been attributed to the relatively high reduction potential of the T1 Cu site.^ ^^  ^ The T1 Cu 
redox potential of MvBOD from has been reported to be higher than in the copper efflux 
oxidase (CueO) from Escherichia coli by 200-230
Several values have been reported for the formal potential {Ef) of the T1 Cu site of MvBOD. 
Xu et al. (1996) determined it to be 490 mV vs. SHE at pH 5.3.^ °^^  However, more recent
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studies by Christenson et a l (2006) and Tsujimura et a l (2005) reported higher values for 
the ET of the T1 Cu of 670 and 665 mV vs. SHE at pH 7.0, respeetively.^^^’
The higher formal potentials for the T1 Cu site in MvBOD are supposedly explained by a 
variation in the protein structure, compared to other MCOs. The coordination patterns of the 
principal residues (ones immediately coordinated to the Cu) are similar to other MCOs, but 
MvBOD has a polar residue Asn459 located near the T1 Cu; with a distance between Asn459 
and the Cu ion of 4.61 Laccases, CueOs and CotAs have nonpolar residues at the
position corresponding to Asn459 of BODs. It is suggested that this unique environment 
around the T1 Cu might be responsible in part for the high redox potential.
There are some fungal laccases that exist with even higher redox potentials than MvBOD, 
such as the laccase Polyporus pinsitis which has a T1 Cu redox potential of 750-790 
Such a high redox potential is attributed to the absence of an axial ligand near the T1 Cu. 
However, the presence of polar axial ligands, such as is found in BOD,^^’  ^ strengthens the 
covalency of the T1 Cu site, thereby increasing the enzymatic activity, in comparison to even 
such high redox potential laccases.^^^^
i. 4,4 Additional Advantages
Further to the advantages discussed thus far, BOD also has a good activity, for example, 
MvBOD has typically 65 units mg"^  of protein (where one unit is defined as the quantity of 
enzyme required to oxidise 1 pmol of substrate, in this case oxygen, per minute at 37.5 °C). 
The activity in units mg'^ (also known as WmaT) can be related to the c^at (catalytic rate in s'^) 
of an enzyme via Equation 1.3, where Ej- is the total quantity of enzyme used.
m^ax — (1*3)
In addition, BOD is seen to be unaffected by the inhibitory effect of chloride ions compared 
to other MCOs, which are present in physiological solutions.^^^  ^ Furthermore, the optimal 
operational pH of BOD is higher i.e. closer to pH 7.0 than that of fungal laccases. This has 
prompted the preferential use of BOD for implantable biofuel cells, or cells utilizing 
physiological fluids.*^ ^^ ’
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1.5 Enzyme Immobilisation
Simple and reliable procedures for immobilizing and stabilizing reactive enzymes on an 
electrode have become one of the dominant research topics in contemporary 
b ioe lec t rochemis t ry ,as  it is possible to target several of the aforementioned 
(Section 1.3.5) EFC performance issues simultaneously through investigation of how the 
enzyme is connected to the electrode surface. Immobilisation of the enzyme onto an organic 
based surface has been shown to increase the stability of the enzyme by preventing leaching, 
but also increasing the lifetime as the enzymes are less sensitive towards the environment. 
The half-lives of the dehydrogenase enzymes (alcohol-, formaldehyde-, aldehyde- and lactic 
dehydrogenase) are only 7-8 hrs in solution whereas an active lifetime of more than 45 days 
was achieved after immobilisation.^^^^
The anchoring of an enzyme onto a solid insoluble support should be straightforward and 
cost eff icient .Furthermore, an ideal electrode material would optimise enzyme dispersion 
to improve accessibility for the substrates, as well as to avoid the aggregation of the 
hydrophilic protein particles.^^^  ^ Considering these factors, a variety of immobilisation 
techniques have been investigated to date. The most frequently used immobilisation 
techniques fall into five categories:
>  Non-covalent adsorption and deposition;^ '^^^
>  Immobilisation via ionic interactions;
>  Entrapment in a polymeric gel or capsule;
>  Covalent attachment;
> Cross-linking of an enzyme.
After entrapment, adsorption via van der Waals forces has the smallest impact on the 
inherent enzymatie catalytic activity compared to all other methods of immobilisation. 
However, as well as problems related to enzyme lifetime, this method is also plagued by 
enzyme desorption (leaching), which results in additional losses of power over time 
(although Singh et al. have proposed that leaching is not the primary mechanism responsible 
for the loss of power in EFCs).^ ^^  ^ Adsorption coupled with ionic interaction is stronger, 
although concentration and/or selection of the ionic groups requires careful eonsideration to 
avoid interfering with the hydrogen bonding within the protein structure.
Covalent attachment and cross-linking eliminate the possibility that diminishing activity is 
due to enzyme desorption, but tethering an enzyme molecule to an electrode or to a 
neighbouring enzyme changes certain bonds within the protein structure, which can easily
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lead to deaetivation or even dénaturation. Singh et al. reported that covalent attachment of 
BOD to an organothiol-modified gold electrode did not improve eatalytie stability and 
instead resulted in a lower power output due to the inereased distanee over whieh interfaeial 
electron transfer had to occur.^ ^^ ^
The effect of enzyme entrapment on enzymatie catalytic activity depends on the medium 
within which the enzyme is encased. Typically, however, this immobilisation technique is 
associated more with issues pertaining to mass transport of the substrate to the enzyme.
Multi-faeeted approaches for the successful immobilisation of redox enzymes on an 
electrode surface are becoming increasingly popular, such as combining entrapment or layer- 
by-layer sandwiching of the enzyme between layers of organic material with surface- 
modified to also permit immobilisation via ionic i n t e r a c t i o n .T h e  individual layers that 
are compiled to create the overall ‘sandwich architecture’ are depicted in Figure 1.7 and have 
several functions. The purpose of the base layer in the electrode architecture is threefold: 
firstly, it increases the surface area of the electrode material (see Section 1.6 for a discussion 
on the use of nanomaterials),'^^^  ^ secondly it facilitates the immobilisation of the enzyme via 
one or more of the aforementioned immobilisation techniques and lastly it can be tailored to 
encourage optimal rotation of the enzyme for maximum electrical contact. The purpose of 
the capping layer in the sandwich architecture is to immobilise the enzyme within the 
electrically conductive layers, whilst not inhibiting or hindering the diffusion of substrate to 
the enzyme.
CAPPING Layer
C3 p To immobilise/entrap the enzyme whilst not inhibiting mass transfer 
I  ENZYME Layer
L c M 7VA/IC I . IENZYME Bioiogicai catalyst layer
BASE Layer
b S S G  To increase surface area and facilitate enzyme immobilisation
Polished GC Electrode
Figure 1.7 Schematic o f the layer-by-layer electrode fabrication technique that results in a ‘sandwich 
architecture’. The technique can be tailored to simultaneously use one or more immobilisation 
techniques e.g. adsorption, covalent binding or cross-linking, depending on the materials selected.
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However, it is important to note that although the electrodes are manufactured in a 
layer-by-layer process, it is unlikely that the layers do not amalgamate to at least some extent 
during assembly, considering that the process involves repeated wetting of the underneath 
layers and the presence of surfactants (if used) will encourage interaction and mixing of 
species. Thus, while for clarity during analysis electrode systems are referred to by the 
layer-components, they should in fact be considered as complete electrode matrices where 
segregated layers do not exist, or at least do not exist to the full extent that is suggested in 
Figure 1.7.
1.5.1 Functionalisation o f Enzyme Support Material
Whilst DET is preferential for the reasons outlined in Section 1.3.2, several challenges need 
to be overcome to achieve significant rates of DET, leading to appreciable current densities. 
For example, the rate of electron transfer is related exponentially to the distance between the 
cathode and enzyme’s electron acceptor, resulting in negligible rates for distances beyond 
2 nm.^ *°°^  Therefore, the success of DET is correlated directly to the enzyme’s proximity and 
orientation to the electrode surface in order for electron tunnelling to o c c u r . F a s t ,  direct 
electron transfer between an electrode and BOD should be possible provided the enzyme can 
be held in an orientation that brings the surface close to the T1 Cu (the cleft) into contact 
with the electrode.^^°^^
Recent research efforts with MCOs seem to be in favour of the modification of electrode 
surfaces to allow ‘tighter’ binding whilst still utilising deposition as the method of enzyme 
immobilisation, as this approach is simpler and as discussed above has a lesser impact on the 
catalytic activity of the enzyme.^ °^^  ^ Introduction of surface modifications for 
tethering/retention of BOD in an optimal orientation to permit DET shows great promise for 
the production of biocathode prototypes for application to EFCs.^^° ’^
Tominaga et al. (2008) showed that negatively charged electrode surfaces, such as 
containing -SO 3H and -COOH, provide a suitable molecular orientation for DET of 
MvBOD.^^°^  ^ Electrodes modified with -NH 2, -OH and -CH 3 did not exhibit any BOD- 
catalysed current.^ ^®^  ^ In light of these findings, it was postulated that the charge of the 
amino acid residues near the T1 Cu site in BOD must be considered in electrode design to 
achieve DET with the electrode. Ciaccafava et al. utilised this approach, producing a BOD 
cathode modified with COOH-MWCNTs, which when employed in an EFC generated 
300 pW cm'^ at 0.6
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1.6 Use of Nanomaterials in EFCs
Synergising with materials chemistry, the use of nanoseale materials for the immobilisation 
of the biocatalysts appears to be critical in the next stage advancement of EFCs,^’°^  ^ as they 
permit one to balance the overall effective surface area of the electrode against porosity, thus 
ensuring that a high enzyme loading per cm^ can be attained without suffering the problems 
of substrate mass transport, which will occur if the pore size is too small to affect the flux of 
redox species It is suggested that an effective enzyme loading of up to 6.4 or 10 % mass 
can be achieved due to the large specific surface area of nanomaterials,^^^^ which can aid to 
increase the overall power density of the EFC.
Various nanostructures have demonstrated their great potential as electrode and/or enzyme 
support materials, such as carbon paper (CP), carbon cloth, carbon black powders (CBPs), 
multi-walled carbon nanotubes (MWCNTs) and even gold n a n o p a r t ic le s .108-114] 
MWCNTs and CBPs have been investigated extensively as enzyme support materials in 
EFCs, as they possess several valuable properties.
1,6.1 Multi-walled Carbon Nanotubes (MWCNTs)
CNTs were discovered in 1991 and are ‘one-dimensionaF carbon nanomaterial.^''^^ They are 
visualised as graphene layers, consisting of a planar hexagonal arrangement of carbon- 
carbon bonds, rolled into cylinders (Figure 1.8).
Single-walled CNF Multi-walled CNF
Figure 1.8 Structure of single-walled (SWCNT) and multi-walled carbon nanotubes (MWCNT).' '^'^  ^
MWCNTs have a diameter of 10 to 20 nm, but vary in length ranging from 0.5 to 40
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Depending on the method of synthesis, the CNTs will assemble either as individual 
cylinders, known as single-walled CNTs, or as concentric tubes forming multi-walled 
CNTsJ^^^  ^ MWCNTs generally have a diameter of 10 to 20 nm, but vary in length ranging 
from 0.5 to 40
MWCNTs have been extensively used in bioanalytical devices due to their unique chemical, 
electrical and mechanical properties, which make them an exceptionally versatile 
material.^^*^’*^^^  They have high electrical conductivity,^^^^  ^ large specific surface area 
(reported to range from 50 to 1315 m  ^ are stable at high temperatures and have been
reported to covalently bond e n z y m e s .S c h u b e r t  et al. reported current densities of up to 
500 pA cm'^ (pH = 7.0, 25 °C) for covalently bound Mv-BOD on a MWCNT-modified gold 
electrode. However, as a result of the complicated manufacturing processes, MWCNTs are 
expensive (~ £34 Furthermore, MWCNTs can also contain residual traces of toxic
metal catalysts, such as cobalt,^ ^^ ^^  making them unfavourable for application within medical 
devices. Therefore cheaper and purer alternative enzyme support materials are favoured, to 
consider the future commercial viability of the EFC.
1.6.2 Carbon Black Powders (CBPs)
CBP is a material consisting of extremely small carbon black particulates. It is made by 
burning hydrocarbons in a limited supply of oxygen, yielding a black smoke from which the 
carbon particulates can be extracted to form a fluffy powder of intense blackness.
CBP is abundant and significantly cheaper than MWCNTs, where current prices for these 
carbon nanomaterials approximate to 18 pence g'^  compared to £34 g '\  respectively.^*^^  ^
Furthermore, CBPs can be manufactured with high purity containing only trace levels of ash 
and ‘grif (clusters of carbon material with an average size greater than that of the carbon 
particles), whereas MWCNTs can contain trace levels of toxic metals such as cobalt,^^ °^  ^
which is particularly relevant when you consider the end target applications for some EFCs 
i.e. medical implants. CBPs have a high specific surface area (60-770 m  ^g'^) and aggregate 
to form excellent conductive pathways (Figure 1.9).^ ^^ *^
CBPs have been employed as enzyme support materials in EFCs as a route towards cost 
reduction.^^^ '^^^^  ^ The CBP Super P (Timcal Ltd.) was selected for investigation within this 
work, as despite its successful use as a conductive additive within the battery industry and 
exceptionally high purity even compared to other CBPs such as Vulcan XC72R (Cabot
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Corporation), it had not been previously employed as an enzyme support material within an 
EFC. Figure 1.9 presents a transmission electron microscopy (TEM) image of the CBP 
Super P, showing the excellent conductive pathways that are formed during aggregation and 
an average particle size of 40 nm.^’^ '^
Figure 1.9 TEM of Super P carbon black powder (CBP), showing the conductive pathways formed 
during aggregation of the CBP. Reproduced courtesy of Timcal Ltd.
1.7 Use of Room Temperature Ionic Liquids (RTILs) in Biocatalysis
Ionic liquids are a group of salts that exist as liquids at relatively low temperatures 
(< 100°C).^ ^^ ^^  Room temperature ionic liquids (RTILs) are those that possess a melting 
temperature below 25 °C. They have many attractive properties including chemical and 
thermal stability, nonflammability and low vapour pressure, '^^^  ^ and so are increasingly 
considered as ‘green’ solvents.
Over the last deeade, RTILs have been utilised in biocatalysis and, in more recent years, in 
bioelectrochemistry, as they possess several unique advantages for enzyme catalysis. Firstly, 
RTILs exhibit a wide electrochemical window, where the difference between the potentials 
of their anodic (Fa) and cathodic {E^ decomposition is usually greater than 3 which is
advantageous when eonsidering their application in electrochemical devices.
Secondly, and perhaps the most prominent benefit with respect to EFCs, is that certain 
RTILs are reported to increase enzyme s t a b i l i t y . T h o m a s  et al. reported a 9.6 % 
increase in activity for the enzyme xylanase E2 (species not provided), in the presence of 15
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% v/v l-ethyl-3-methylimidazolium dimethylphosphate (EMIM-Me2P04)J^ '^ ^^  The 
oxidoreductase enzyme microperoxidase MP-11 (prepared by degradation of equine heart 
cytochrome c) was observed to still maintain activity in 100 % Furthermore,
biocatalytic reactions in RTILs have shown higher selectivity, faster rates^ "^^ °^  and some 
RTILs are also reported not to inactivate enzymes, unlike organic solvents of comparable 
p o l a r i t y Z h a n g  et al. used 1-butyl-3-methylimidazolium hexafluorophosphate 
(BMIM-PFe) functionalised MWCNTs as a Mv-BOD support for a cathode, reporting good 
facilitation of DET
The use of RTILs in EFCs also has yet another advantage, in that certain RTILs are able to 
dissolve cellulose,^^^^’ despite its highly ordered crystalline structure that makes it a 
challenge to find suitable solvents for its dissolutionJ^^^^ In recent years, cellulose has been 
investigated as a binder/enzyme support in EFC electrodes as it is believed to be more 
biocompatible with proteins,^ "^ ’^ compared to other more chemical binders, such as
polyvinylidene fluoride (PVDF) or polytetrafiuoroethylene (PTFE) In most cases,
the surface of enzymes are populated with hydrophilic amino acid residues,^^^  ^ therefore 
hydrophilic materials are more compatible with the enzyme, as immobilisation can occur via 
the formation of hydrogen bonds.’^^^ '^^ ^^ ^
1.8 Use of Non-ionic Surfactants (NISs) in Biocatalysis
Surfactants are amphiphilic organic compounds that contain both a hydrophilic head and a 
hydrophobic tail. Non-ionic surfactants (NISs) do not contain a charged head-group and as a 
result have less effect on the conformation of the enzyme because of its neutral charge.
Surfactants have been used in the development of electrochemical devices to entrap proteins 
in the surfactant bilayer, to arrange proteins into the required orientation and to facilitate 
electron transfer between proteins and electrode, effectively being used as mediators in 
MET.h^^’ 158] that the surfactant molecules, which are non-conductive, can
promote efficient electron transfer between the electrode and the protein. The promotion of 
direct electrochemistry of proteins by surfactants has been proposed to involve interaction of 
the surfactants with the protein as well as with the electrode.
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NIS are reported to enhance enzymatic activity. Rajbongshi et al. (2010) observed that 
electron transfer with cytochrome c oxidase (from Thermus thermophiles) on a GC electrode 
was enhanced by the presence of various surfactants.^^^^  ^ Furthermore, Erikksson et al. 
(2002) reported the possibility of reducing enzyme loading by 50 % while attaining the same 
rate of substrate degradation in the presence of 2.5 g L'  ^ of the non-ionic surfactant Tween
2o [160]
Interestingly, despite the wide range of applications surfactants are currently used in, there is 
limited literature available reporting on the employment of surfactants in EFCs, for the 
electrochemical ORR catalysed by BOD. Two NIS were chosen for investigation within this 
work: Triton X-100 and Tween 20, whose chemical structures are presented in Figures 1.10 
and 1.11, respectively.
H3C 
H3C 
H3C H3C CH3
H
Figure 1.10 Chemical structure of non-ionic surfactant Triton™ X-100, where x = 9-10.^ ^^ ^^  
Average Mr = 625 g mol"\ Critical Micelle Concentration (CMC) = 0.22-0.24 mmol dm'\^^^ '^
OH
Figure 1.11 Chemical structure of non-ionic surfactant Tween® 20, where w, x, y and z = 20. 
Average Mr = 1228 g mol'V^ ^^  ^ Critical Micelle Concentration (CMC) = 0.05 mmol
2^^
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1.9 Research Aims and Objectives
For the purpose of this work, an ‘optimaF electrode performance refers to the largest current 
density that arises from the MvBOD-catalysed ORR (i.e. the difference between the current 
densities achieved under air and nitrogen). The principal aims of this research were to:
>  Produce an optimised MvBOD-cathode with a sandwich architecture, using cheaper 
carbon-based nanomaterials than MWCNTs.
>  Compare the effect of using different protein stabilising agents during electrode 
fabrication.
1.9.1 Objectives
In order to achieve these aims, the following research objectives were identified:
> Investigate several oxidative treatments for -COOH functionalisation of the CBP
Super P, as a route towards carbon-based nanomaterial cost reduction.
>  Determine the optimum oxidative treatment method with respect to -COOH
functionalisation, increasing the CBP hydrophilicity and for application of the 
CBP-COOH as an enzyme support material with a MvBOD-cathode.
>  Develop and optimise a MvBOD-cathode with a sandwich architecture, using two 
different protein stabilising agents (RTILs and NISs) in electrode fabrication.
>  Characterise and compare the performance of the developed and optimised sandwich 
MvBOD-cathodes containing different protein stabilising agents.
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2.1 Introduction
This project looks at comparing the use of different protein stabilising agents in low-cost 
bilirubin oxidase (BOD) containing cathodes with sandwich architectures. As a route to cost 
reduction, use of the carbon black powder (CBP) Super P as an enzyme support material was 
also investigated. This chapter discusses in detail the material characterisation techniques 
used to study oxidised CBP and the electrochemical techniques used to analyse the 
performance of various BOD cathodes fabricated within this project.
2.2 Electrochemical Characterisation
In electrochemical systems, the primary focus is on the processes and factors that affect the 
transfer of charge (electrons) between two chemical phases i.e. the electronic conductor (an 
electrode) and the ionic conductor (electrolyte).^^^ This specific phase boundary is known as 
the electrode/electrolyte interface. Investigation into the electrode/electrolyte interface is 
central to the determination of the mechanisms of the electrode reactions and there are a 
variety of electrochemical techniques that can be employed to study this.
2.2.1 Electrode Configuration
A biological fuel cell (BFC) only requires two electrodes for electricity generation, an anode 
and a cathode, and analysis of results for this anode-cathode two-electrode configuration 
(i.e. the whole cell) represents the overall performance of the BFC. However, much more 
informative results are obtained by analysing the behaviour of the individual electrodes, 
which is attained ex-situ using a half-cell. This is done through the employment of a 3- 
electrode configuration consisting of a working electrode (WE) i.e. the isolated anode or 
cathode, a counter electrode (CE) and reference electrode (RE). Their roles within the 
system are outlined as follows:
>  Working Electrode (WE)
Essentially, the electrode system of interest i.e. the individual anode or cathode. 
This is typically glassy carbon (GC), upon which the electrode structure or catalyst 
under investigation is deposited.
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> Reference Electrode (RE)
An electrode that maintains a fixed known potential, against which the potential of 
another electrode (normally WE) can be controlled. Examples include the standard 
hydrogen electrode (SHE, defined as 0 V), Ag(s)|AgCl(s) (+0.2090 V vs. SHE at 
25 °C, in 3 M KCl)^ ^^  and saturated calomel electrodes (SCE, +0.2412 V vs. SHE at 
25 C).  ^  ^ Care must be taken when selecting the RE due to incompatible electrolyte 
solutions that will cause the potential of the RE to drift. For example, a high pH 
electrolyte will cause the potential of a Ag|AgCl RE to drift.
> Counter Electrode (CE)
To accurately control the potential at the WE, the RE potential must remain constant. 
High currents passing through the RE could cause the potential to drift. Therefore a 
CE is used to receive current flowing from the WE, so that negligible current flows 
through the RE and thus maintains a constant potential at the RE.^ ^^  Examples 
include platinum wire, graphite foil or any other unreactive but conductive materials 
with a surface area larger than the WE.
Using the setup depicted in Figure 2.1, the potential or current generated at the WE can be 
precisely controlled in a 3-electrode mode.
Current flow
Potentiostat
CE
controliea WE
M easured current (/)
Figure 2.1. Representation of a j-electrode configuration, employed to analyse the behaviour of the 
individual anode or cathode. The potential between the RE and WE is controlled and the resulting 
current between the CE and WE is measured.
2.2.2 Cyclic Voltammetry
Voltammetric methods are dynamic and give information on kinetics, that is, the rates of 
electron transfer and coupled reactions.^  ^ One of the most commonly employed 
voltammetric methods of electrochemical characterisation is cyclic voltammetry (CV). CV 
is a well-established teehnique that is prevalently employed for initial electrochemical
37
Instrumental Techniques \ Ch. 2
studies of new systems. It can provide detailed information on complex electrode 
reac tio n s ,a s  it permits oxidation and reduction reactions to be studied simultaneously.^^]
Principles o f CV
Most voltammetric techniques involve the application of a controlled/defined potential 
between two electrodes while simultaneously measuring the resulting current flowing 
through the WE, over a period of time. As suggested by the name, in CV, the potential {E) 
of the WE is swept eyelically and linearly between two limits,]^] usually chosen in aqueous 
electrolyte to lie between the hydrogen and oxygen evolution potentials (< -0.4 V and 
> 0.8 V vs. SHE, respectively, at pH 7).^ ]^ The way in whieh the potential is applied to the 
WE can be better understood when represented and viewed graphically, as this 'cyclical 
sweep’ is in fact a linear potential scan with a triangular waveform that is imposed on the 
WE,^ ]^ as shown in Figure 2.2.
Cycle 1 Cycle 2
reverse scan
A f
forward scanQ.
0 Time /  s
Figure 2.2. Graphical representation o f the potential (£) as a function of time (t) during a typical CV 
scan. The ‘cyclic voltammetric sweep’ is actually a linear potential scan with a triangular waveform, 
where: = start potential, £ r  = reverse potential, AE/At = scan rate.
The potential (E) wave begins at E§ (the chosen start potential) and is swept at a constant 
scan rate AE/At until the potential reaches Er (the reverse potential), where the scan is 
reversed and the potential swept back to E§. This sweeping will continue for a set number of 
cycles determined prior to the start of the experiment.
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Any reversible reactions that occur at an electrode surface can be generally represented as 
O + Me' #  R, where O is the dissolved oxidised species, R, the reduced form also in solution 
and n, the number of electrons involved per reaction. All electrochemical reactions are 
governed at least in part by the Nemst equation ,E quation  2.1. This fundamental 
expression specifies the relationship between the activities of the two species O and R 
(denoted as Cox and Cred, respectively, as the activity of species in dilute solutions is 
approximately equal to the concentration); and the potential of the electrode (E) at which the 
redox reaction is taking place.
C D
E^ is the standard electrode potential for the redox couple, R is the gas constant 
(8.314 JK'^ mol"^), T  is the temperature in K, n is the number of electrons involved per 
reaction, F  is the Faraday constant (96,485 C moF^). The concentrations Cox and Cred apply 
to the solution immediately adjacent to the surface of the electrode i.e. at the 
electrode/electrolyte interface. In the absence of current, this is equal to the concentration of 
the bulk solution.
In the instance that the rate of electron transfer is fast in comparison to the voltage sweep 
rate (the electron transfer is reversible), an equilibrium between O + Me' #  R is established 
identical to that predicted by thermodynamics. The resulting cyclic voltammogram after a 
full CV cycle for a reversible single electron transfer reaction (O + e' R) is shown in 
Figure 2.3.
The cathodic and anodic peak currents (/pc and /pa, respectively) are defined as the difference 
between the current measured at the onset potential (dashed line) and at the peak potential 
(Epc and Epa). The shape of this CV curve can be rationalised by considering the influence of 
potential on the O + e' ^  R equilibrium. Sweeping the potential in the positive direction 
shifts the equilibrium to the left and the resulting current is called anodic current (/pa). When 
the potential is swept in the negative direction the equilibrium is shifted to the right, 
favouring O + e' ^  R and the resulting current is called cathodic current (/pc). The current 
increases as the voltage is swept further from Eg and the equilibrium position is increasingly 
perturbed, thus converting more reactant.
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Figure 2,3. Exemplar cyclic voltammogram, where current is recorded as a function o f potential (£), 
of a reversible (fast) single electron transfer reaction, O + e’ ^  R. Where; O = oxidised species, 
R — reduced species, — start potential, = reverse potential, ip^  — cathodic peak current, 
ipa = anodic peak current, Ep, = cathodic peak potential and = anodic peak potential, ipc and ipa are 
defined as the difference between the current measured at the onset potential (dashed line) and at the 
peak potential (Ep^ and EpJ.
However, equilibrium kinetics are also dependent upon the concentration of readily available 
reactant. In electrochemistry, this pertains specifically to the concentration of reactant at the 
electrode/electrolyte interface, which is sustained via diffusion of reactant species from the 
bulk electrolyte to the electrode surface region. The rate of diffusion is defined by Pick’s 
first law, shown in Equation 2.2.^ ^^
}  = (^ ) C2J )
J  is the flux (amount of material transported per unit area per second), Dq is the diffusion 
coefficient of oxidised species O (unit area per second) and {dColdx) is the concentration 
gradient over the diffusional distance.^ '^ According to Pick’s first law, initially diffusion is 
rapid as it occurs over a short distance and therefore the concentration gradient between the 
electrode surface and the bulk solution is high. Although, as electrolysis continues, the 
concentration gradient decreases and reactant species must diffuse from the bulk solution to 
the electrode surface over an increasing distance. The region in solution over which the 
reactant species must diffuse is known as the diffusion l a y e r . T h e  larger the diffusion 
layer, the slower the rate of diffusion.
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At some point the diffusion layer will have grown sufficiently beyond the 
electrode/electrolyte interface, so that the flux of reactant to the electrode is not fast enough 
to satisfy that required by the Nemst equation. In this situation the current begins to drop, 
yielding a peak. and represent the anodic and cathodic peak potentials, respectively.
Combining several of these fundamental concepts yields the Butler-Volmer equation 
(Equation 2.3), which defines the fundamental relationship between potential and current.
(  CnPnagS /T]Fri£c\')
i  =  i o \ e \  R T  J -  e y  R T  J I  (2.3)
Where / is the electrode current density, io the exchange current density, ;/ the activation 
overpotential and «c and are the cathodic and anodic charge transfer coefficients, 
respectively.
Influence o f Rate-Determining Processes on Current Magnitudes
In the case of a perfectly reversible process, where the rate of both the forward/backward 
electrode reactions are controlled by the rate of diffusion of the species of interest, the 
potential separation between the cathodic and anodic peak currents is 22\%{RT/nF), which 
for a transfer reaction involving n electrons will be 5Hn mV, at 298 Adsorption of the 
redox-active species onto the electrode surface will result in a near-zero peak separation.^^^ 
Additionally, in a perfectly reversible system /pa / /pc = 1. In practicality, however, this ideal 
is rarely seen and the shape of the resulting CV depends on many factors, namely a wide 
range of processes associated with the reaction of interest and not only the kinetics of 
electron transfer. It is for this reason that such a simple technique provides such a wealth of 
information. Figure 2.4 shows a schematic of the reactions and processes involved in the 
reduction of oxygen to water at an electrode surface.
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Electrode Electrode Surface Région Electrolyte /  Bulk Solution
O2 + H3O" 
adsorbed
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H2O
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Figure 2.4. The reaction pathway for the four electron reduction of oxygen to HoO at an electrode 
surface. Current magnitude is governed by the rates of several processes, namely O: mass transfer of 
O2  and HgO^ between bulk electrolyte and electrode surface region, ©: adsorption of O? and 
onto electrode surface, ©: electron transfer, O : desorption o f H2 O from electrode surface and 0  
mass transfer o f H 2 O from electrode surface region into the bulk electrolyte. In reversible reactions, 
the mass transfer o f species is typically the rate-limiting step due to the formation of a diffusion layer 
within the electrode surface region as electrolysis progresses.
The position of the peaks in CV is determined according to the thermodynamic potential 
minus any corresponding activation overpotential In an ideal system, the peak height i.e. 
magnitude of the current should be proportional to the concentration of the analyte. 
Although in general, the magnitude of the current is governed by the inherent sluggishness of 
one or more reactions/processes, known as rate-determining s t eps , whi ch  are shown in 
Figure 2.4 and can include:
O & © - Mass transfer of the reactant and product species between the bulk solution 
and the electrode surface,
© & O - Adsorption or desorption of the reactants and products onto/from the electrode 
surface,
© - Electron transfer at the electrode surface.
Theoretically, improving the efficiency of the rate-determining step will result in an increase 
in the magnitude of the resulting peak current.
Influence of Scan Rate on Current Magnitudes and Peak Potential
The CV in Figure 2.3 was recorded at a single scan rate. However, if the scan rate is altered 
the current response also changes. This again can be rationalised by considering the size of
42
Instrumental Techniques | Ch. 2
the diffusion layer versus the time taken to switch from one potential to another. At slower 
scan rates, the diffusion layer is able to develop over a longer interval and will therefore 
grow thicker in comparison to a faster scan rate. As previously discussed, the larger the 
diffusion layer, the slower the rate of diffusion. Consequently, the flux of reactant to the 
electrode surface decreases proportionally with a decrease in the scan rate. As the faradaic 
current is proportional to the flux of reactant towards the electrode surface, the current 
magnitude will therefore be smaller at slower scan rates and conversely larger at faster scan 
rates.
The useful information to be gained from CV experiments involving different scan rates is 
from studying the peak potentials. It is characteristic of electrode reactions that have rapid 
electron transfer kinetics to yield a set of voltammograms in which the redox peaks all occur 
at the same potential at different scan rates. These rapid processes are often referred to as 
reversible electron transfer reactions.^^  ^ However, in the case of quasi-reversible or 
irreversible electron transfer reactions (where the electron transfer processes are slow 
relative to the voltage scan rate), the position of the peak potential shifts depending upon the 
scan rate. This occurs because the equilibrium takes longer to respond to the applied 
potential and as a result the concentrations at the electrode surface predicted by the Nemst 
equation will not be generated. The moment at which difftision becomes a limiting factor is 
delayed, so the appearance of the peak is also deferred and consequently the potential 
separation between the cathodic and anodic peak currents will increase with increasing scan 
rate. This relationship between the scan rate and peak current is mathematically expressed 
by the Randles-Sevcik Equation (2.4),^ ^^  for electrochemical experiments under standard 
conditions.
3 1 1
ip =  2.69 X 10^ • i4 • n2 • 1)2 • T72 • Co (2.4)
ip is the peak current (A), A is the electrode area (cm^), n is the number of electrons involved 
per reaction, D is the diffusion coefficient of species O (cm^ s'^), v is the scan rate (V s'^) and 
Co is the concentration of species O at the electrode/electrolyte interface (mol cm'^).
Capacitive w. Faradaic Currents
There are two types of current generated from an electrochemically active surface -  faradaic 
and capacitive.^^^ Faradaic current results directly from redox active species or chemical 
reactions that involve charge transfer, producing the typical peaks seen in the CVs. With
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faradaic processes, the rate of the chemical reaction is directly proportional to the magnitude 
of the resulting current. Capacitive current, also known as the charging current, is 
independent of redox reactions and results from the accumulation (or removal) of electrical 
charges at the electrode/electrolyte interface.^^  ^ The ability of a device to store electrical 
charge is known as capacitance (C) and can be calculated using Equation 2.5, where Q is the 
quantity of charge stored in coulombs and V is the voltage across the device. The capacitive 
current (4) can be determined using Equation 2.6.
C =  f  (2.5)
^ <2 .6 )
There is always some capacitive current flowing when the potential of an electrode is 
changing. As a result, in the presence of redox species, CV measures both the faradaic and 
capacitive currents simultaneously.
Electrocatalytic Voltammetry o f Bilirubin Oxidase Cathodes
Lenore Michaelis and Maud L. Menten proposed a general theory of enzyme action 
consistent with observed enzyme kinetics. Their theory was based on the assumption that 
the enzyme E and its substrate S associate reversibly to form and enzyme-substrate complex 
ES, which subsequently breaks down to yield a product P, thus regenerating E so that it can 
interact with another molecule of S (Equation 2.7).
E + S #  ES E +  P (2.7)
k - i
The initial rate of the enzyme-catalysed reaction, n, is determined by two constants -  the 
Michaelis constant km [the ratio of the constants in Equation 2.6 {k.i + k2) /k { \  and Vmax (the 
velocity of the reaction when [S] is high enough to saturate all of the enzyme). This 
relationship is presented in Equation 2.8.^ ^^
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The turnover frequency (TOT) of an enzyme, kcau is a measure of its maximal catalytic 
activity and is defined as the number of substrate molecules converted into product per 
enzyme molecule per unit time when the enzyme is saturated with substrate. Provided the 
concentration of enzyme [Ex] in the reaction mixture is known, kcat can be determined from 
Vmax via Equation 2.9.
= W  (2.9)
In a biocathode, the kcat of an enzyme can be related to the peak current density (z) via 
Equation 2.10, where n the number of electrons involved in the reaction, F is Faraday’s 
constant, A is the area of the electrode and F is the total concentration of the enzyme.
1 = -nFAVkcat (2.10)
It is typical of enzyme electrode reactions, such as in the case of bilirubin oxidase (BOD, 
from Myrothecium verrucaria), to produce broad, ill-defined sigmoidal waves from which 
peak potential values are difficult to derive.^^  ^ DET current can be obtained from enzymes 
either via the protein being free in solution and undergoing a reaction on diffusion to the 
electrode surface, or it may stem from enzymes that are already bound tightly (adsorbed) to 
the electrode.
When BOD is adsorbed onto an electrode surface, the wave-shape is largely independent of 
the nature of the underlying electrode material^^°  ^and is dependent upon the rate-determining 
step in the mechanism of ORR electrocatalysis.^^°^ BOD catalyses the four-electron 
reduction of oxygen to water (Equation 2.11), where IP = 1.234 V vs Ag|AgCl at 298 K.
0 2 + 4e' + 4H^ (aq) —> 2H20(i) (2.11)
The ORR requires one O2 molecule and four protons per reaction, in addition to four 
electrons. In low-pH electrolyte (pH 4-6) the turnover frequency (of the ORR by BOD) is 
very high and the current is determined by the rate at which electrons can be supplied to the 
active site^ °^^  and by diffusion of O2 to the electrode surface. Figure 2.5 shows an exemplary 
CV of a BOD cathode in aerobic conditions, where the BOD is adsorbed onto the electrode 
surface.
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Figure 2.5. Typical CV of BOD-catalysed oxygen reduction reaction (ORR) at an electrode surface, 
at 25 °C in 2.0 mol dm'^ citrate buffer at pH 5.0 at a scan rate of 10 mV s'\ (A): region o f no ORR, 
(B): region of mixed kinetic/diffusion-controlled ORR and (C): region of diffusion-controlled ORR. 
The golden line signifies the point at which oxygen reduction is thermodynamically possible.
The rate at which electrons are supplied to BOD’s redox active site, noting that this requires 
four redox cycles per O2 molecule, is dependent upon two stages: intramolecular transfer of 
electrons between the T1 and T2/T3 Cu sites and the rate of interfacial electron transfer 
between the T1 site and the electrode. Intramolecular electron transfer is inherently fast 
given the efficient tunnelling p a t h wa y , ^ ' b u t  the rate of interfacial electron transfer from 
the electrode to the T1 Cu is slower. '^°^ Thus, the ORR current that is initially observed is 
both electron transfer and 02-diffusion limited, denoted in Figure 2.5 as the ‘mixed kinetic- 
diffusion controlled region’.
As electrolysis progresses, an O2 diffusion limited current may onset if electron transfer is 
sufficiently fast compared to the rate of diffusion, although this typically yields a plateau, 
rather than a peak, signifying the formation of a steady-state current. An absence of 
diffusion-limiting current signifies a slower rate of electron transfer, compared to electrodes 
when a diffusion limited onset potential is seen.
Furthermore, it has also been suggested that the rate-determining step of the BOD catalysed 
ORR is pH dependent.^®] Shimizu et al. proposed that proton transfer to the redox active site 
depends on a highly conserved aspartate (Asp 105)^’^  ^ amino acid with a pATa of 
approximately 5.4 and is about 0.5 nm from the Type 2/Type 3 trinuclear cluster.
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Therefore, at higher pH, a lower current arises because the deprotonated carboxylate is 
unable to bind and supply i f  for the Thus, at higher pH, the current is both O2- and
I f  -diffusion limited.
The onset potential of the ORR can be used to indicate the activity of the biocathode towards 
oxygen r e d u c t i o n . b ^ ^  A shift of the onset potential to a more positive value indicates an 
increase in ORR activity, conversely a shift to more negative potential values indicates a 
reduction in ORR activity,^^^ when the performance of ORR cathodes are compared.
Thus, BOD cathodes that exhibit CV curves with more positive ORR onset potentials, higher 
02-diffusion-limited current densities and steeper gradients in the CV curve between 
approximately 0.4 -  0.6 V vs. AgjAgCl, are regarded as facilitating the ORR reduction more 
favourably/efficiently.
2.2.3 Chronoamperometry
Another useful electrochemical technique is chronoamperometry (CA), where a constant 
potential is maintained and the resulting current is recorded as a function of time. Whereas 
in CV both the capacitive and faradaic currents are simultaneously measured, in CA, after 
initial depletion of capacitive current, only the faradaic current is measured as the constant 
potential means that an electric double layer is not changing.
Principles o f CA
In CA, the potential is switched (Figure 2.6 (a)) from a value where the reduction of O is 
thermodynamically unfavourable and/or limited by the activation overpotential {E{), 
resulting in zero current, to a potential where any O close to the electrode surface is reduced 
to R yielding a current.
The rate of 0  + «e' R is governed by the value of the applied potential, via the 
considerations that are accounted for in the Butler-Volmer equation (section 2.2.2, Equation 
2.3). The Nemst equation (section 2.2.2, Equation 2.1) dictates that in order to maintain the 
initial current magnitude, a fresh supply of oxidant O must be constantly replenished at the 
electrode surface. In a stagnant solution this occurs via diffusion, the rate of which is 
controlled by the concentration gradient. Initially diffusional flux is high due to a high
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concentration gradient, as the change in concentration between the bulk solution and that at 
the electrode/electrolyte occurs over a short distance. As electrolysis continues, the zone of 
depleted concentration increases in thickness, resulting in a drop in the concentration 
gradient and inevitably a decrease in the faradaic current as a function of time will occur. 
Figure 2.6 (b) shows how the current response would look under these conditions, which is 
also mathematically expressed by the Cottrell Equation (2.12).^^^
Time /  s Time /  s
>
c(U
I
<
c
g
3u
Figure 2.6 (a) Graphical representation of the potential {E) as a function of time during a typical CA 
experiment. The potential is switched from £i, a value where electrolysis is thermodynamically 
unfavourable, to E2 where electrolysis occurs,yielding a current, (b) In a reversible reaction, a 
decrease in current magnitude over time is observed due to a gradual decrease in diffusional flux of 
reactant to the electrode surface.
i  =  nFAC„ I—nt (2.12)
i is the current (A), n is the number of electrons involved per reaction, F  is the Faraday 
eonstant (96,485 C mof'), Q  is the initial coneentration of speeies O of the solution at the 
eleetrode/eleetrolyte interface (mol cm'^), is the diffusion eoeffieient for species 
O (em^ s' )^ and t is time (s).
As a result of the depletion of reactant, the Cottrell equation predicts zero current at infinite 
time. However, one of the fundamental limitations of the Cottrell equation is that it assumes 
no other movement within the bulk electrolyte, beyond diffusion. In reality, convection also 
assists the supply of reactant to the electrode surface. As a result the available ‘time 
window’ for Cottrell measurements lies between a mere 20 ps and 200 s.
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As previously discussed in section 2.2.2 (Figure 2.4), the magnitude of the current is 
governed by the inherent sluggishness of one or more reaetions/processes, known as rate- 
determining steps,^ "^  ^ including mass transfer of species between the bulk solution and 
electrode surface and electron transfer. When a steady-state current is obtained, the rates of 
all the reaction steps in a series are the same. CA can be used to determine how long it takes 
for this equilibrium to establish.
If electron transfer is fast (i.e., the electrode reaction is reversible) then the current 
magnitude is controlled solely by the rate of mass transfer of analyte to the electrode surface. 
As a result, CA can be used to investigate rates of mass transfer and to calculate diffusion 
coefficients. Over longer periods of time, CA can also be used to determine the long-term 
stability of a system, which can be affected by problems such as catalyst fouling.
Application o f CA in Bioelectrochemistry
In bio-electrochemical systems, such as enzymatic fuel cells (EFC), a reduction in current 
magnitude can also be attributed to a series of additional complications related to the 
biological catalyst, namely leeehing of the enzyme from the electrode surface, deactivation 
of the enzymes redox aetive site or complete dénaturation of the protein.^^’ As BOD 
uses oxygen as a substrate,^^ '^ which has a diffusion coefficient of 2.1x10'^ cm^ s‘  ^ in 
water at 25 the mass transfer limitations relating to the drop in eoncentration gradient 
can be easily overcome by continuously purging air through the electrolyte during the course 
of the measurement. Thus, CA on a BOD cathode will also provide information pertaining 
to the stability of the enzyme. However, data obtained through CA cannot be used alone to 
directly determine which of the above enzyme-related limitations (leeching, inhibition, and 
dénaturation) is/are responsible for a drop in current.
2.2.4 Experimental Setup fo r  Electrochemical Characterisation
The experimental setup used in this project for all electrochemical testing is detailed in 
Table 2.1. Additional parameters relating to specific experiments are discussed in 
subsequent chapters, including procedures for the manufacture and application of carbon and 
enzyme materials onto the GC electrode surface. For detailed supplier and reagent grade 
information pertaining to all non-store chemicals and materials used in this work please refer 
to section 2.4.
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Table 2.1. Experimental parameters for all electrochemical testing performed within this work.
Parameter Description
WE 3.0 mm diameter glassy carbon (GC) electrode encased in 
chlorotrifluoroethylene, from BASi (unless otherwise specified)
RE Glass bodied AgjAgCl electrode in 3.0 mol dm'  ^NaCl(aq), from BASi
CE Pt wire with gold-plated connector, 1.0 cm^  surface area, from BASi
Electrolyte Aqueous sodium citrate buffer (2.0 mol dm' )^, at pH 5.0 (unless otherwise specified)
Scan Rate 10 mV s'^  (unless otherwise specified)
Voltage CV: 0.20 to 0.70 V vs. AgjAgCl and CA: 0.20 V vs. AgjAgCl
Temperature 21.5± EOT
As the catalytic performance of enzymes is sensitive to fluctuations in t e mpera t ur e , a l l  
electrochemical experiments were conducted in thermostated cells maintained at a constant 
temperature of 21.5 ± 1.0 °C. Aerobic or anaerobic conditions were created by (respectively) 
purging air or nitrogen through the electrolyte solution (maintained at a constant volume of 
approximately 20 cm^) for a minimum of 30 min prior to data acquisition. For CA 
experiments purging was also continued at a low, steady flow rate throughout the 
measurement, to prevent O2 (aq) concentrations from becoming a rate limiting factor, which 
would inevitably affect the obtainable eurrent density for reasons discussed in seetions 2 .2.2 
and 2.2.3. Solutions were not stirred during measurements.
All CV experiments were conducted using a Metrohm UK PGSTAT302N Autolab. To 
allow for conditioning of the electrodes and to take into aecount aetivation of the enzyme 
from its resting oxidised form,^ '^^ ’ three full scans were run per CV measurement and the 
data from the third scan was used. All repeat measurements within this work refer to 
different electrodes being manufactured e.g. if three repeats were conducted, three separate 
electrodes with the same electrode arehitecture were manufactured. This was done to 
account for inherent variability within the fabrication process. Data from the separate 
electrodes, taken from the third scan, was then averaged (provided that the CV curves 
overlapped i.e. were similar) to provide a single CV curve. Onset potentials were 
determined using a first derivative teehnique, namely di/dE.
All CA experiments were conducted with a series of individual EmStat^ potentiostats 
(PalmSens, supplied by Alvatek). Any drift in the AgjAgCl REs was detected by measuring
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the voltage against other AgjAgCl REs and accepted providing that the potential difference 
was 0 V.
Cleaning o f GC Electrodes
The GC electrodes were polished between use to remove any contaminants that could be a 
source of additional or parasitic current fluctuation from the true value and also to produce a 
mirrored, glassy surface. In CV studies, the commonly held belief is that the current 
response should be a pair of peaks, separated by 5Hn mV at 298 K (where n is the number of 
electrons transferred in the electrode reaction).^ "^  ^ However, this is true only for a uniform 
planar surface at which diffusion is l i n e a r . F o r  this reason, polishing of the GC surface is 
aimed towards producing planar surface (recognisable by the mirrored, glassy appearance), 
so that any fluctuations can be attributed to the electrode architecture that is manufactured on 
the GC surface. The electrode connection was also periodically polished with finely 
abrasive paper in order to remove any evidence of oxidation and thus maintain a good 
electrical contact.
Experimental Methodology: Cleaning o f  GC Electrodes
The electrode was wiped with a damp tissue and rinsed with water to remove any encrusted 
material on the surface from previous use. Electrodes were polished with 0.05 pm alumina 
slurry on a microcloth polishing disk, to physically remove the contaminants and produce a 
smooth, mirroredfinish by lightly eroding the surf a c e , a n d  then rinsed with water. The 
state o f cleanliness o f the GC surface was determined using CV in nitrogen-purged 
KsFe(CN)c (aq) (10 mmol dm'^) with NaCl (aq) (1 mol dm'^). Scans were run between 0.1 and 
0.5 V at a rate o f 50 m V s'\ The GC surface was deemed acceptable when the potential 
difference between the two redox peaks was close to 60 Finally, the electrodes were
briefly sonicated in ethanol and left to dry naturally, after which they were ready fo r use.
Whilst sonication in water to remove residual alumina polish is a universally recognized 
method for GC cleaning, it was found during this work that repetitive sonication of the 
GC electrodes accelerated degradation of the GC surface, shortening the electrode lifetime. 
Thus, sonication in ethanol was only used veiy briefly as the end of the cleaning procedure, 
to achieve a smooth, glassy finish.
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2.3 Identification and Quantification of CBP Surface Functionalities
The surface properties of carbon materials are primarily influenced by the non-bulk foreign 
elements fixed on the surface, in particular by oxygen Bearing this in mind, one of the 
initial aims/objectives of this project was to functionalise the surface of the CBP ‘Super P’ 
with free carboxylic acid (COOH) groups, in order to increase the CBP’s hydrophilicity and 
encourage DET between BOD and the CBP,^ °^^  which was discussed in greater depth in 
Section 1.5.1. This section discusses in detail the techniques used to identify various carbon 
surface functionalities (CSF) and quantify the COOH functional groups on the carbon 
surface, both pre- and post-functionalisation. The experimental procedures for 
functionalisation are presented in Section 3.2.
2.3.1 Fourier Transform Infrared Spectrophotometry (FTIR)
Fourier transform infrared spectrophotometry (FTIR) is a largely qualitative characterisation 
technique that provides information on the chemical structure of a compound or material, 
through the identification of specific bonds and bond environments.^^*^ The bonds in an 
organic molecule contain a quantized amount of energy, which causes group vibrations 
(bending and stretching) to continuously occur. When a molecule is irradiated with 
electromagnetic radiation, energy is absorbed if the frequency of the radiation matches the 
frequency of vibration in the specific bond/environment. For many organic molecules, 
this occurs within the mid-infrared region of the electromagnetic spectrum, the range 
14,000-20 cm'V^^' The spectral range of greatest use is the mid-inffared region, which is 
further divided into the ‘group frequency’ region, 4000-1500 cm'^ and the ‘fingerprint’ 
region, 1500-650 cm'V^^^
In FTIR spectroscopy, a sample is irradiated with a range of IR radiation frequencies and the 
amount of radiation absorbed by the sample at each frequency is subsequently determined, 
producing an IR spectrum. Since each frequency absorbed corresponds to a specific 
molecular vibration in a specific bond, through interpretation of the spectrum it is possible to 
state that certain functional groups are present in the material and that certain others seem 
absent.^^^  ^ Furthermore, the subtle interactions of each bond with the surrounding atoms of 
the molecule are also reflected in the spectrum, via minor differences in the frequencies and 
intensities of the absorption bands, providing information on the overall configuration and 
environment of the atoms in the group.^ ^^ ^
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Even so, in many cases interpretation of the FTIR spectrum on the basis of characteristic 
frequencies is insufficient to permit positive identification of a total unknown, although 
perhaps the class of compound can be deduced. Typically, positive identification of a 
compound results from either matching the unknown spectrum to a spectral reference library 
or by concurrently using several other qualitative analytical techniques to allow for a more 
definitive characterisation. This is particularly the case for the surface analyses of carbon 
materials and therefore FTIR was used in this project only to aid confirmation that carboxyl 
functionalization was, or was not, successful and to prove that - S O 3 H or -N O 2  
functionalisation did not occur as a by-product of the treatment methods.
Germanium Crystal ATR-FTIR
In traditional FTIR, samples can be prepared as films, mulls or pellets and in all instances 
analysis involves transmitting the IR radiation directly through the sample.^ "^^ ’ The pellet 
method consists of grinding the solid sample with anhydrous potassium bromide powder 
(KBr) and pressing it to form a pellet.^^ '^ Dry KBr is undetectable in FTIR as the modes of 
vibration of the KBr bond are outside of the spectral region of interest. Whilst several 
studies in the literature have employed this method for investigation of carbon blacks,^ ^^ "^ *^  
the highly absorbing nature of the CBP means that smaller peaks (arising from less 
concentrated surface groups) are often not seen. The sample preparation involved in this 
method is also exceptionally time consuming. Therefore, when investigating the surface 
chemistry of carbon materials, it is often best to use a surface analysis technique in 
preference to the FTIR beam passing entirely through the sample.
Evanescent W ave
Sam ple
4 5 °
Ge crystal
Incident FTIR Reflected FTIR
radiation radiation
Figure 2.7. Schematic representation of a Ge crystal single reflection ATR-FTIR system, employed 
to analyse the oxidised CBPs. A FTIR radiation beam is directed onto an optically dense Ge crystal at 
an angle of incidence (6 >) creating an evanescent wave that extends a few microns into the sample. 
Unabsorbed radiation is emitted and measured as an FTIR spectrum.
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Attenuated total reflectance Fourier transform infrared spectrophotometry (ATR-FTIR) is a 
versatile and qualitative analytical tool. In ATR-FTIR, the FTIR radiation beam is directed 
onto an optically dense crystal with a high refractive index at a specific angle known as the 
angle of incidence (Figure 2.7).!^ '^  ^ Internal reflection creates an evanescent wave that 
extends a few pm beyond the surface of the crystal into the sample held in contact with the 
crystal. Some of this wave is absorbed by the sample and the re-emitted attenuated wave is 
measured as an IR spectrum.^ "*^  ^ This technique provides a means of obtaining an IR 
spectrum that reflects the surface chemistry of a sample, rather than its bulk composition. In 
the case of carbon materials this effectively amplifies the signal ratio between the functional 
groups vs. the background carbon, resulting in clearer, more interpretable spectra.
There are several types of crystals that can be employed for ATR-FTIR, such as diamond, 
zinc selenide (ZnSe) and germanium (Ge). With an angle of incidence of 45° and a low 
sample refractive index, the depth of penetration of the IR beam into the sample varies from 
0.5 microns for the Ge ATR crystal to 2.0 microns for the diamond and ZnSe crystals, as 
measured at 1000 cm'V^^  ^ CSFs are very much limited to being < 0.5 microns from the 
carbon surface. Therefore, although the cut-off at low wavenumber in mid-lR for a Ge 
crystal is 780 cm'V^^  ^ for surface analyses of carbon materials, a Ge ATR crystal is the 
optimum choice as a smaller sampling depth is ideal for highly FTIR absorbing carbon 
materials, as this yields sharper and more intense peaks.
ATR-FTIR spectra were obtained using a Cary 640 FTIR spectrophotometer (Agilent 
Technologies), coupled with a Silver Gate Evolution ATR (Specac) with a flat Ge crystal. 
Spectra were run between 3500-750 cm '\ for 256 scans at a resolution of 4 cm'^
2,3.2 Thermogravimetric Analysis
Thermal analysis encompasses a group of characterisation techniques where the physical 
properties of a material are measured as a function of temperature. Measurements are 
used primarily to determine the composition of materials and to predict their short-term 
thermal stability at temperatures up to 1200 °C. One such technique thermogravimetric 
analysis (TGA), also known as thermogravimetry (TG), quantitatively measures the 
changing mass of a material whilst the sample specimen is subjected to a controlled 
temperature program under a controlled atmosphere.l'^^^
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Mass changes in materials at elevated temperatures are associated with physical transitions 
and/or thermal degradation of the material i.e. the rupture and/or formation of various 
physical and chemical bonds, that leads to the evolution of volatile products or the formation 
of heavier reaction products.^ '^ '^  ^ Considering the above, TGA can provide information on 
material composition e.g. carboxyl content, thermal stability, decomposition kinetics of a 
material and quantification of moisture/volatile contents. Measurements are typically made 
in an inert atmosphere (gaseous nitrogen) but information on the oxidative stability of a 
material can also be gained through execution of the measurement in oxygen or air.
Data are reported graphically as a TGA curve, where mass loss (in mg or %) is plotted 
against temperature (Figure 2.8) A transition is identified as a plateaued region of mass loss 
compared to when the mass of the sample remains constant (Am/AT). TGA curves are 
characteristic for a given compound or system because the unique sequence of 
physiochemical reactions that occur over definitive temperature ranges and rates are directly 
related to the molecular s t r u c t u r e .E x a c t  locations of the mass plateaus are dependent on 
the heating rate. A slower heating rate is preferable (with respect to the TGA curve), as it 
narrows the lag time between the temperature set by the instrument and the resulting mass 
change in the sample, allowing for more accurate determination of a transition’s temperature 
range.
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Figure 2.8. Typical example of a TGA curve (solid line), where mass loss (mg or %) is presented as a 
function of temperature. A transition is identified as a region of mass loss compared to when the mass 
of the sample remains constant (plateau). A first derivative can be applied to the TGA data to produce 
a DTG curve (dashed line), to distinguish completion o f mass-loss steps or to increase resolution of 
overlapping mass-loss occurrences.
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If the beginning and end of a transition are not so well defined, the first derivative mass loss 
can be used to distinguish completion of mass-loss steps or to increase resolution of 
overlapping mass-loss occurrences This additional technique is known as differential 
thermogravimetry (DTG) and is exemplified in Figure 2.8.
Experimental Setup for Thermogravimetric Analysis
In this project, TGA was used to quantify the extent of functionalization of the CBPs, as well 
as to determine the stability of any surface groups attached during functionalization. All 
TGA analyses were conducted on a Q500 Thermogravimetric Analyzer (TA Instruments), 
using a platinum balance pan. The temperature controlled program consisted of ramping 
from room temperature to 950 °C at 10°C min \  Measurements were conducted under 
gaseous nitrogen, with gas flow rates of 40 cm  ^min"  ^ and 60 cm  ^ min'^ for the balance and 
sample pans, respectively.
2.3.3 Elemental Analysis o f  Carbon, Hydrogen and Nitrogen
CHN analysis is a form of elemental analysis concerned with quantitative determination of 
carbon (C), hydrogen (H) and nitrogen (N) in both organic and inorganic samples.^ '^ ^  ^ It is 
primarily used to check the purity of a compound and to assist in the determination of its 
elemental composition.
Whilst several techniques can be employed, the most popular method involves fully 
eombusting the sample in pure oxygen followed by quantification of the combustion 
products. The amount of carbon and hydrogen in the sample is proportional to the 
concentration of carbon dioxide and water produced, respectively. The amount of nitrogen 
in the sample is proportional to the concentration of molecular nitrogen, which is formed 
after the oxides of nitrogen that are produced during combustion are reduced and residual 
oxygen is removed.^^  ^ The concentrations of these gases are measured using a series of 
internal thermal conductivity cells and helium as an inert carrier gas.
All CHN analyses detailed in this project were conducted in triplicate and were performed 
by Mrs J Peters at the University of Surrey, using a CE440 Elemental Analyser from Exeter 
Analytical (UK) Ltd.
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2.3.4 Boehm Titrations
The Boehm titration is a widely accepted chemical method used to identify and quantify 
different acidic oxygen surface functional groups on carbon m a t e r i a l s I t  is a multi-step 
analytical procedure, consisting of three key reactions that conclude with a back-titration. It 
works on the principle that the acidity constants of carboxyl groups, lactones or phenols 
differ over several orders of magnitude and can therefore be distinguished by their 
neutralisation behaviour with bases of different strengths The weakest base, sodium 
hydrogen carbonate (NaHC03(aq)), neutralizes only the strongest acidic CSFs which are 
carboxylic acid groups, while sodium carbonate (Na2C03(aq)) neutralizes carboxylic and 
lactone groups and the strongest base, sodium hydroxide (NaOH(aq)), neutralizes carboxylic, 
lactone and phenolic groupsJ'^^  ^ The entire procedure must be repeated for each different 
reactant base and the moles of each type of CSF can be determined by back-calculating the 
quantity of reaction base that initially reacted with the CBP
Sequence o f Reactions and Procedure
As it was unnecessary within the scope of this work to quantify the presence of laetones and 
phenols, only NaHC03(aq) was used as a reactant base. The reaction sequence for NaHC03(aq) 
is as follows:
In the first reaction, excess NaHC03(aq) reacts with the COOH groups on the CB surface, 
forming a mixture of CO2 (aq), sodium carboxylate salts (R-COO'Na^) and unreacted 
NaHC03(aq) (Equation 2.13).
NaHC0 3 (aq) + CBP-COOH(s) ^  CBP-COO Na\,) + C02(aq) + H2 0 (d (2.13)
The reactant mixture is then filtered to remove the CB particles and the solution is 
subsequently reacted with excess dilute hydrochloric acid, to convert the remaining 
NaHC03(aq) (Equation 2.14).
N a H C 0 3 (a q ) +  H C l(aq) ^  +  C O 2 (aq) +  H 2 O  (i) +  NaCl(aq) (2.14)
In the final step, any residual hydrochloric acid is titrated against a suitable base for example 
KOH(aq) (Equation 2.15), thus providing the exact quantity of unreacted HCl. The amount of 
HCl(aq) that reacted with the NaHC03 (aq) in Equation 2.14 can therefore be calculated which
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equates to the amount of unreacted NaHCOg (aq) from Equation 2.13. The used quantity of 
NaHCOs (aq) can thus be determined, which will be equal to the concentration of free COOH 
groups on the CB surface.
HCl (aq) + KOH(aq) H2O (i) + KCl (aq) (2.15)
As the principle of the procedure relies on back-calculating through the reaction sequence to 
determine the quantity of CSFs that initially reacted, it is crucial that the concentrations and 
volumes of all the reactants (NaHC03(aq), HCl(aq) and KOH(aq)) are standardised and measured 
accurately. The mass of the CBP used in Equation 2.13 must also be recorded. In addition, 
solutions must be purged with Nitrogen prior to the final titration step, to remove CO2 from 
system because CO2 (aq) reacts with KOH, forming K2CO3 (aq) and HKCO3 (aq), as a result, the 
KOH(aq) titre would erroneously increase and multiple equivalence points would occur in the 
pH curve, making it impossible to accurately determine the quantity of HCl.^ '^ ^^
Titrations were performed using a 716 DMS Titrino pH autotitrator (Metrohm UK) and were 
conducted minimally in triplicate, until suitable reproducibility was achieved.
Calculation o f Carbon Surface Functionalities
Equation 2.16, given by Goertzen et al, is used to determine the quantity of CSFs (in this 
case C00H).[49'5°]
[HCl] X fHCi =  [KOH] X Ekoh +  ([NaHCOg] x  ENaHCOg ~  ^ csf) X — (2.16)
FNaHCOs
where [reactant] and Freactant are the concentration (in mol dm'^) and volume (in dm^) of the 
specified reactants, «hci and it^aHCOg are the number of moles of acid and base respectively, 
Faiiquot is the volume of the aliquot taken from the reaction mixture in Equation 2.14 for 
titration and lastly «csf are the number of moles of CSF that reacted with the base during 
Equation 2.13.^ ^^ ’^ Rearrangement of the equation to position the moles of CSFs as the 
subject, yields Equation 2.17.
^csF — [NaHCOg] X ENaHCOg ~  ([HCl] x  Ehci ~  [KOH] x  Ekoh) x  (2.17)
aliquot
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This equation was later modified by Chen et al. to take into account the molar ratio of acid to 
reactant base to account for monoprotic vs. diprotic b a s e s , a n d  so as this work only
used NaHCOs (and thus did not extend to the use of diprotic bases), the original equation is 
sufficient.
2.4 Chemicals, Reagents and Materials
Detailed supplier and reagent grade information for all non-store chemicals, reagents and 
materials used in the work outlined in this thesis can be found in Tables 2.2 and 2.3. All 
water used was > 18.2 MQ cm at 25 °C from a Purite™ ultrapure purification system. Any 
other common chemicals that are not listed were of laboratory reagent grade and if necessary 
were standardised prior to use.
The MWCNTs obtained from Nanocyl™ are produced using a catalytic carbon vapour 
deposition process and are reported to have a nominal metal content of < 5  They were
determined, via BET analysis, to have a mass-specific surface area of 263 ± 3 m  ^g '\
Table 2.2. Supplier and reagent grade information pertaining to all non-store chemicals, reagents and 
materials used in this work (A-M)
Chemical, Reagent or Material Supplier
Bilirubin Oxidase (BOD) from Myrothecium verrucaria 
Lyophilized powder, 15-65 units mg'  ^protein Sigma Aldrich, UK
Bilirubin, > 95.0 % purity Sigma Aldrich, UK
Cellulose dialysis tubing, 51 mm dia, cut-off 12-14,000 Da Fisher Scientific UK Ltd.
Cellulose, microcrystalline powder Sigma Aldrich, UK
Citric acid monohydrate Fisher Scientific UK Ltd.
Hexacyanoferrate [K3Fe(CN)ô] Sigma Aldrich, UK
Ionic Liquid:
1-ethyl-3-methylimidazolium diethyl phosphate 
[EMIM][Et2P04]
Sigma Aldrich, UK
Ionic Liquid:
1-ethyl-3-methylimidazolium ethyl sulfate 
[EMIM][EtS04]
Sigma Aldrich, UK
Ionic Liquid:
1,3-dimethylimidazolium dimethyl phosphate 
[MMIM][Me2P04]
Sigma Aldrich, UK
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Table 2.3. Supplier and reagent grade information pertaining to all non-store chemicals, reagents and 
materials used in this work (N-Z)
Chemical, Reagent or Material Supplier
Ionic Liquid:
1 -ethyl-3-methylimidazolium acetate 
[EMIM][OAc]
Sigma Aldrich, UK
Multi-walled Carbon Nanotubes (MWCNTs)
Nanocyl-3100 series 95+ % purity, average diameter of 1 Onm Nanocyl S.A., Belgium
Polytetrafluoroethylene (PTFE) 1 pm powder Sigma Aldrich, UK
Potassium bromide Fisher Scientific UK Ltd.
Super P® Timcal Ltd., Switzerland
TCP 60 Carbon Paper (untreated) Toray Industries, Inc
Tri-sodium citrate dehydrate Fisher Scientific UK Ltd.
Triton® X-100 surfactant Sigma Aldrich, UK
Tween® 20 surfactant Sigma Aldrich, UK
Vulcan XC72R Cabot Corporation
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3.1 Introduction
This project looks at comparing the use of different protein stabilising agents in low-cost 
bilirubin oxidase (BOD) cathodes with sandwich architectures, using BOD from 
Myrothecium verrucaria. As a route to cost reduction, use of the carbon black powder 
(CBP) Super P (from Timcal Ltd.) as an enzyme support material was also investigated. The 
CBP required chemical oxidative treatment prior to its incorporation into a BOD-cathode, a 
novel investigation as this had not been previously reported.
Exposure of the CBP Super P to oxidative treatments had two primary aims:
>  Increase the hydrophilicity
>  Create -COOH surface groups
As previously discussed in Section 1.5.1, oxidation of CBPs creates surface reactive groups 
that increase the hydrophilicity of the CBPs surface, so increasing the dispersibility in polar 
solvents, which is beneficial to an ultimately homogeneous distribution of the carbon on the 
GC electrode surface. Additionally, a more hydrophilic surface increases the 
electrochemically active surface area thereby improving electron transfer.^^  ^ It is also 
understood that a more hydrophilic environment on the CBP surface is useful in an 
enzymatic electrode as it can further stabilise the naturally highly hydrophilic enzyme’s 
protein shell. Furthermore, carbon support materials that are rich in -COOH surface groups 
have been seen to be favourable for immobilisation of BOD on an electrode surface, as they 
are believed to encourage rotation of the BOD protein to an angle more efficient for DET.^^  ^
As discussed in Section 1.5.1, -COO' groups on the material interact with protein residues 
that are situated on the periphery of the T1 Cu site,^ ^^  which is widely accepted as site within 
BOD where interfacial electrode-BOD electron transfer occurs on carbon-based electrode 
supports.
3.1.1 Chapter Objectives
This chapter discusses and compares the chemical treatments used to oxidise the CBP 
Super P, followed with a discussion on the performance of the modified CBPs when 
employed as enzyme support materials in a BOD-cathode.
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The objectives of the work detailed in this chapter are as follows:
> Investigate several chemical oxidative treatments for -COOH functionalisation of the 
CBP Super P
>  Determine the optimum treatment method with respect to:
-COOH functionalisation,
Increasing the hydrophilicity of Super P,
Application of the functionalised Super P as an enzyme support material 
within a BOD-containing cathode architecture.
3.2 Details of Oxidative Treatments
There is an extensive variety of chemical treatments that are claimed to successfully 
functionalise CBPs, via the formation of -COOH groups.^ '^^  ^ However, at the time of this 
work there were no sources specifically detailing procedures for Super P, yet there were 
many for a different CBP, Vulcan XC72R. This other CBP is the industry standard in 
applications that require a degree of electrical conductivity.^^®  ^ Super P and XC72R are 
generally similar materials, where the prevailing differences include surface area 
(60.77 ±0.08 m  ^ g'  ^ vs. 233.33 ±2.18 m  ^ g'^) and peak particle size (8.99 vs. 1.23 pm),^“  ^
respectively. In order to be certain that the selected treatments were correctly executed all 
treatments were applied separately to XC72R as a reference. If -COOH functionalisation 
was unsuccessful on Super P, it would otherwise not be possible to identify whether failure 
lay in implementation of the treatment method or that Super P is inherently resistant to 
certain chemical treatments.
Even so, the treatments listed in the literature do not detail the extent of -COOH 
functionalisation or, more pertinently, how the physical and morphological changes 
associated with oxidative treatments impact on the CBP’s electrochemical properties, 
therefore a variety of these chemical treatments were selected. This is especially relevant as 
the CBP Super P was selected because it is highly conductive -  a property that needs to be 
retained.
Furthermore, the majority of literature reporting the use of -COOH carbon nanomaterials for 
BOD cathodes refer to COOH-MWCNTs, which can typically withstand harsher treatments 
than CBPs.^ ^^ '^ ^^  Thus, it was difficult to forecast which treatment will be most suitable for
67
Oxidative Treatment o f  CBP Super P  | Ch. 3
Super P with such a target application. Several different oxidative treatments were therefore 
selected from the literature and experimentally tested and compared, on both Super P and 
XC72R (as a reference), to determine which (if any) were suitable for -COOH 
functionalisation so that the resulting CBP would still be suitable for application in a BOD- 
cathode.
Table 3.1. Descriptions of the six oxidative treatment methods (denoted Ml to M6 ) that were 
investigated for the COOH-functionalisation of the CBP Super P.
Reagents Treatment Description Reference
Ml 85 % v/v H3PO4 Heated to 80°C in ultrasonic bath for 1 hour [17]
M2 2.5 mol dm'^  HNO3 Refluxed for 7 hrs, stood for 17 hrs [7]
M3 2.5 mol dm'^  HNO3 Heated to 80°C in ultrasonic bath for 1 hour [18]
M4 2.5 mol dm'^  HNO3 Stirred for 3 hrs, no heating [9]
M5 85%v/vH3P04 Refluxed for 7 hrs, stood for 17 hrs [17, 18]
M6 3:1 mix conc. H2SO4 and HNO3 Refluxed for 3 hrs, stood until cool
[8]
The six oxidative treatments selected are described in Table 3.1. For simplicity, each 
treatment has been assigned a treatment method number of M l (treatment method 1) through 
to M6 (treatment method 6). The resultant CBP samples are referred to, for example, as SP 
M4 (Super P treated with method 4) or XC M2 (XC72R treated with method 2). The 
untreated (original) control samples are referred to as SP Org and XC Org.
Experimental Methodology: Chemical Treatment of the CBPs
The as-received CBPs were treated as described in Table 3.1, where a constant ratio o f 1.0 g  
o f CBP to 250 cm^ o f the respective reagent was maintained. Post-treatment, the reactant 
mixtures were centrifuged and the excess reagent liquid discarded. The CBPs were 
transferred into a dialysis tube, which was sealed and washed continuously under running 
water. In the case o f M6, the reagent mixture required dilution prior to centrifugation due to 
the concentrated (and thus strongly corrosive) nature o f the reagents. The pH  o f the 
aqueous environment inside the dialysis tubing was regularly monitored using disposable pH  
indicator strips and washing was terminated when no further change in the p H  was detected. 
In all cases a stable pH  o f 6.5 was attained. Each CBP was then dried in a vacuum oven at
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80 °C for 24 hrs, before being ball-milled swiftly to return the CBP to the fine, powdered 
form required to produce inks for electrode application.
Due to the time required to cany out the oxidation processes each treatment produced only 
one batch of oxidised material. Therefore any samples taken for analysis, including all 
replicates, were taken from the same batch of oxidised material.
3.3 CHN Analysis
CHN analysis is a form of elemental analysis concerned with the quantitative determination 
of carbon (C), hydrogen (H) and nitrogen (N) in a sample,^ ^^  ^ discussed in detail in Section 
2.8.3. The purpose of this technique was to show the effectiveness of each treatment with 
respect to the overall functionalisation, thereby comparing the effectiveness of individual 
reagents and reaction conditions.
The original and oxidised CBP samples were submitted for CHN analysis. All analyses were 
conducted minimally in triplicate and the results (% mass) are listed in Table 3.2. It was not 
possible to determine the total mass difference between the as-received and chemically 
treated CBP samples, due to unavoidable material losses incurred during the treatment 
process.
3.3.1 Hydrogen Detection Limit
It must be noted that these results are reported as mass percentages of the whole sample. 
Thus, considering that the C atoms that form the majority of the CBP are twelve times 
heavier than H in mass, the H content in a sample will need to be quite high in order to be 
detected. It cannot therefore be assumed in the instance where no H is detected that no H 
containing functional groups (e.g. -COOH and -OH) have been formed, but rather only that 
the amount of hydrogen in the sample falls below the detection limit.
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Table 3.2. Carbon, hydrogen and nitrogen content (% mass) of the CBPs Super P and Vulcan XC72R 
before and after treatment via six different methods Ml to M6. Data are averaged, where n > 3. n/d^ 
below detection limit.
XC72R
%C %H A % C vs. Org
Org 98.52 ±2.09 n/d n/d --
Ml 78.48 ± 4.05 n/d n/d 20.04 ± 4.56
M2 78.49 ± 0.42 n/d n/d 20.03 ±2.13
M3 49.31 ±0.50 0.16 ± 0.22 3.35 ±0.52 49.21 ±2.15
M4 82.84 ± 1.91 n/d 0.82 ± 0.72 15.68 ±2.83
M5 82.57 ±4.47 n/d n/d 15.95 ±4.93
M6 37.97 ± 0.06 1.84 ±0.03 n/d 60.55 ±2.09
Super P
%H A % C vs. Org
Org 99.10 ±0.79 n/d n/d --
Ml 79.96 ± 4.29 n/d n/d 19.14 ±4.36
M2 90.92 ± 1.64 n/d n/d 8.18 ± 1.82
M3 54.31 ±0.71 n/d 3.27 ±0.21 44.79 ± 1.06
M4 87.26 ± 0.23 n/d n/d 11.84 ±0.82
M5 92.15 ±0.59 n/d n/d 6.95 ± 0.99
M6 84.53 ± 0.03 n/d n/d 14.57 ±0.79
3.3.2 Efficiency of Oxidative Treatments towards Overall Functionalisation
The extent to which a CBP has been functionalised (i.e. the amount of carbon surface 
functionalities of any variety that have been created) is proportionally reflected in the 
reduction of the % C content between the original and oxidised sample. The exact difference 
was calculated and is also presented in Table 3.2, denoted A % C vs. Org. This in turn 
reflects on the efficiency of an individual treatment method, with respect to overall 
functionalisation. For a visual comparison between the overall efficiency of the six different 
treatments. Figure 3.1 shows the average % C content before and after oxidation for all 
methods and both CBPs.
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Figure 3.1. A comparison of the average carbon content (% by mass) o f the CBPs Super P and 
XC72R before and after treatment via six different methods M l to M 6 , where n > 3.
It is evident that all oxidation treatments have resulted in some degree of functionalisation, 
as the % C content in all samples has been reduced for both CBPs. It is also clear that Super 
P is more resistant to oxidation than XC72R. Prior to treatment, the % C content of both 
CBPs is the same (taking into account the standard deviation). Post-oxidation, the % C 
content in Super P ranges between 92.15-54.31 %, whilst for XC72R the range is lower, 
82.84-37.97 %. This increased susceptibility of XC72R to oxidation compared to other 
CBPs was also reported by Grzyb et al. (2011) and can be justified by comparison of the 
surface areas of the parent CBPs. As received samples of Super P and XC72R were 
measured (with BET analysis on a Gemini V surface area and pore size analyser from 
Micromeritics) to have specific surface areas of 60.77 ± 0.08 and 233.33 ±2.18 m“ g'% 
respectively, which is in rough agreement with the reported values of 62 and 221 m" g"'
The larger specific surface area probably provides a larger reaction space, therefore more 
CSFs can form.
Conversely, Super P shows more sensitivity to the variations between the treatments when 
compared with XC72R. With the exception of XC M3 and XC M6 , there is little difference 
in the % C content of the other four samples (especially when the standard deviation is taken 
into account), even though the experimental methods and reagents widely vary.
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The treatment methods were selected to specifically encompass a range of reagents ( H 3P O 4 , 
H N O 3 and H 2 S O 4 )  and conditions (sonication, heating, stirring and reflux). It can be noticed 
that several variables change concurrently between methods Ml to M6, therefore a more in- 
depth and controlled study is required to allow for more definite conclusions, but this was 
not conducted as it was beyond the scope of this project. However, there are already several 
trends emerging from the current data.
3.3.3 Efficiency of Reaction Conditions towards Overall Functionalisation
There is indication that heating has little or no effect on the final extent of oxidation of Super 
P. The post-treatment C content of the methods that involve heating (all except M4) ranges 
between 92.15-54.31 %, yet the C content of SP M4 also sits firmly within that range at 
87.26 ± 0.23 %. Furthermore, methods M2 and M4 can be closely compared as they both 
utilise the same reagent (2.5 mol dm'^ HN03(aq)), but different reaction conditions, where M2 
involves reflux and M4 stirring without heating. The C content for SP M4 is almost 4 % 
lower than for SP M2, even considering that the reaction time is half that of SP M2.
Another conceivable trend is that sonication results in the greatest functionalisation of 
Super P, even compared with refiuxing. The post-treatment C content ranges between 
92.15-84.53 % for methods without sonication (M2, M4-M6) and between 79.96-54.31 % 
with sonication (Ml and M3). This has also been reported for several other carbon 
nanomaterials and it has been proposed that sonication provides the reagents greater access 
to the pores in the material. This is also seen for XC72R for the reagent HN03(aq) (M2 
vs. M3) but not for H3P04(aq) (Ml vs. M5).
3.3.4 Efficiency of Reagents towards Overall Functionalisation
It is to be expected that M6 would be the most oxidising treatment, as it contains H2SO4 (aq) 
and the reagent acids are concentrated. This is true for XC72R with respect to overall 
functionalisation, but not seen in CHN analysis for Super P. However, the oxidising strength 
of this treatment is reflected in a substantially increased electrochemically active surface area 
(see Section 3.8). Therefore the most oxidising reagent is a mixture of concentrated HNO3 (i)
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and H2SO4 (1). Further comparisons cannot be conducted due to the variability within the 
oxidative treatment methods, such as concentration of reagents or treatment time.
Additionally, treatment of carbon black with H2SO4 or HNO3 could lead to the introduction 
of sulfonic acid groups (-SO2OH) or nitric groups (-NO2) in the carbon matrix, respectively. 
SP M3, SP M4 and XC M3 contain nitrogen, but this could be either due to nitration or it 
shows that the washing stage was not fully effective, even though a stable, neutral pH was 
reached during the washing stage. This topic is later discussed in Section 3.4.1.
3.3.5 Distribution of Carbon Surface Functionalities Post-Oxidative Treatment
The standard deviations of the average results are also noteworthy, as they could reflect upon 
the distribution of the CSFs, where a low standard deviation indicates a more uniformly 
dispersed functionalisation. This is significant as an uneven distribution in the 
functionalisation will impact on the repeatability of the BOD-cathode. For Super P, overall 
the treatments have maintained good standard deviations (< 1.7 %), only M l has a higher 
standard deviation of 4.29 %. However, standard deviations for the XC72R samples are 
larger, with only 3 of the 6 samples having standard deviations of < 1.7 %, the others ranging 
between 1.91 -  4.47 %. This suggests that XC72R is more difficult to chemically activate in 
a uniform manner than Super P, which is probably due to the uneven distribution of pre­
oxidation CSFs on the CBP surface (the C content of XC Org is 98.52 ± 2.09 %), which 
would of course impact on the location where the new CSFs would form.
3.4 Fourier Transform Infrared Spectroscopy
ATR-FTIR was used to determine if -COOH functionalisation was successful, to ensure 
nitration or sulfonation did not occur and to identify if other functional groups were present 
(as a result of oxidation) and could affect the hydrophilicity of the CBP.
Experimental Methodology: Sample Preparation and Procedure for ATR-FTIR Analysis
The functionalised and original CBP samples were diluted for ATR-FTIR analysis with KBr 
powder, to reduce interference from the intrinsic absorptivity o f the black material. The KBr 
powder and CBP samples were finely ground (separately, at first) with an agate pestle and
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mortar and dried overnight at 120 °C to remove residual water. The dry powders (KBr and 
CBP) were subsequently combined to dilute the CBP to a concentration o f 0.075 % mass.^^^  ^
The resulting dry mixtures were reground to form a homogeneous mix and further dried for  
24 h at 120 °C before being stored in a desiccator (over CaCf, RH  = 0%) until required. A 
Cary 640 FTIR Spectrophotometer coupled with a Specac Silver Gate germanium-crystal 
A IR  with a steel anvil was used to analyse the CBP/KBr samples. The power source o f the 
instrument was boosted to improve resolution/lR radiation throughput. Spectra were 
obtained between 3500 and 750 cnfi at a resolution o f 4 cm'\ with 256 scans, using pure 
KBr as a blank, in air.
The ATR-FTIR spectra obtained for the original and treated CBPs are shown in Figure 3.2 
(Super P) and Figure 3.3 (XC72R). All spectra have been baseline corrected as carbon 
blacks typically yield spectra with sloping baselines. The absorbance tends to increase with 
increasing wavenumber, which is attributed to the variation of the intrinsic absorptivity of 
the carbon black with wavelength.^^^  ^ The model used to correct for this scattering involved 
manually adjusting the baseline gradient to level each spectrum, with no effect on peak 
intensities. The spectra have also been stacked for better clarity during comparisons.
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Figure 3.2. Ge-ATR-FTIR spectra of the CBP Super P before and after chemical treatment via six 
different methods M l to M 6 . Sample composition for ATR-FTIR analysis was 0.075 % CBP in dried 
KBr (% by mass). Spectra were run between 3500-750 cm'% for 256 scans at a resolution of 4 cm '. 
All spectra have been baseline corrected and stacked for improved clarity.
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Figure 3.3. Ge-ATR-FTIR spectra of the CBP Vulcan XC72R before and after chemical treatment 
via six different methods M l to M6. Sample composition for ATR-FTIR analysis was 0.075 % CBP 
in dried KBr (% by mass). Spectra were run between 3500-750 cm'% for 256 scans at a resolution o f 4 
cm '. All spectra have been baseline corrected and stacked for improved clarity.
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3.4.1 Peak Assignments fo r  FTIR Spectroscopic Analyses
An obvious feature of these spectra is that many of the bands are very broad. This is due to 
the range of different electronic environments in which a given functional group finds 
i t s e l f . P e a k  assignments for the ATR-FTIR spectra, including ones that are of 
significance due to their absence, are summarised in Table 3.3 and will now be discussed.
Table 3.3. Peak assignments for the Ge-ATR-FTIR spectra of the CBPs Super P and Vulcan XC72R 
before and after chemical treatment via six different methods. Ml to M6. Assignments highlighted in 
pink are significant due to their absence from all spectra in this work.
IR Bands/cm'^ Assignment Reference
3000-3600 Weakly H-bridged 0-H  stretching vibration [30-32]
2980 Antisymmetric stretching o f C-H in CH3  and CH2 [30-32]
2900 Symmetric stretching of C-H in CH3  and CH2 [30-32]
2320 and 2360 CO2  antisymmetric stretching [33]
1695 C =0 stretching vibrations o f ketones, aldehydes, lactones or 
carboxyl groups in aromatic structures
[8 , 34]
1590-1615 Carboxyl-carbonates C0 3 '^ stretching vibrations [28, 35]
1550-1680 C -0  stretching vibrations o f quinones [35]
1550-1615 C=C antisymmetric stretching vibrations in aromatic ring 
stmctures, peripheral to surface oxides
[6 , 8 , 28, 36]
1539 NO2  antisymmetric vibration [37]
1510-1550 Ar-C=C-H bending modes and stretching vibrations [38]
1420 0-H  in-plane deformation o f the -OH group [8 ]
1415 CH2  deformation [36]
1400-1450 C -0 stretching of the carboxylic acid group [28]
1385 C-H bending modes in CH2  and CH3 [2 0 ]
1385 C -0 deformation in C-OH [36]
1358 NO2  symmetric stretching vibrations [37]
1260 SO2  antisymmetric stretching in sulfonic acid groups [37]
1250 C -0 stretching in aromatic ethers and esters [33]
1140 C -0 stretching in phenols, carboxylic acids and lactones [36]
1030-1070 C -0 stretching in alcohols, linear ethers and esters [2 0 ]
1000-1335 C -0 stretching in carboxyl groups [28,31,39,40]
860 Out-of-plane vibrations o f hydrogen atoms [2 0 ]
800 SO2  symmetric stretching in sulfonic acid groups [37]
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The peaks at 2320 and 2360 cm’^  are from the antisymmetric stretching of the C=0 in carbon 
dioxide, habitually present in spectra obtained in normal atmospheric conditions. Whilst this 
peak should be minimal as a result of the KBr blank having also been conducted in normal 
atmospheric conditions, the KBr/CBP samples were not outgassed prior to FTIR analysis so 
it is possible that CO2 is present in the pores of the CBP, or simply that the background was 
not fully removed.
The sharp peak at 1385 cm'^ has been associated to the bending modes of C-H and C-0 
bands.^^°’ The large number of overlapping peaks between 1200-1000 cm'^ makes 
identification of individual peaks difficult, but in all cases these bands are linked with the 
stretching vibrations of the C-0 bond. In the instance that a peak is easily distinguishable, it 
can be credited to being positioned within the following: phenols, carboxylic acids or 
lactones (1140 cm'*),^ ^^  ^alcohols, linear ethers and esters (1030-1070 cm'^) or in carboxyl 
groups (1000-1335 The adsorption band at 860 cm'^ results from the out-of­
plane vibrations of hydrogen atoms.^ ^®^
Carboxylic Acid Groups
As previously discussed, the primary objective of the oxidative treatments was to 
functionalise the CBP surface with -COOH groups. Data available in the literature 
pertaining to C=0 stretching vibrations from -COOH groups near aromatic rings show that 
these peaks generally present themselves between 1700 and 1680 cm '\ where the exact 
wavenumber is affected by the different peripheral g r o u p s . A l l  the methods M l to M6 
suggest successful attachment of -COOH onto Super P, as there is a broad peak at 1695 cm'^ 
present in all post-treatment Super P spectra, yet absent in parent SP Org (Figure 3.2). This 
is further supported by a weaker, but still present, band at 1140 cm"\ associated with C-O 
stretching in phenols, carboxylic acids and lactones.^^^  ^ On the other hand, not all treatments 
were successful for -COOH functionalisation of XC72R. Only XC M l, XC M4 and XC M6 
have a peak at 1695 cm '\ Considering that these methods were adopted from the literature 
as they are claimed to oxidise Vulcan XC72R with -COOH groups, this questions the 
reproducibility of these treatments (M2, M3 and M5).
Water /  Hydroxyl Content
Although the anionic character of carboxylate groups will naturally increase the 
hydrophilicity of the CBPs, another important functional group with respect to increasing
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hydrophilicity is the highly polar hydroxyl group (-0H). All the samples were thoroughly 
dried prior to measurement to remove any interference from water adsorbed at the sample 
surface. Thus, the strong, broad band between 3000-3600 cm'^ was credited to the O-H 
stretching vibration of surface bonded hydroxyl g r o u p s . A c c o r d i n g  to the FTIR spectra, 
none of the treatment methods have resulted in hydroxylation of the CBP Super P 
(Figure 3.2). This is not entirely unexpected, however, as only two treatments, XC M2 and 
XC M3, have resulted in hydroxylation of the control CBP XC72R. Moreover, a negative 
absorbance between 3500-3000 cm'^ in XC M5 compared against XC Org suggests that the 
treatment M5 has resulted in the decrease of hydroxyl groups on the CBP surface, most 
likely via conversion into other functional groups. Whilst this does not mean that increasing 
the hydrophilicity will not have been successful, as other ionic or polar functional groups 
will also contribute, it does mean that, if the oxidised Super P CBPs are more hydrophilic, it 
cannot be attributed to a major presence of hydroxyl groups. It is also worth noting that 
these two methods (M2 and M3) both used H N O 3 (aq), suggesting that this reagent is the best 
for -OH functionalisation of XC72R and does not oxidise further.
Aliphatic Groups
The peaks at 2900 and 2980 cm'^ have been attributed to the symmetric and antisymmetric 
stretching of the aliphatic groups CH2 and As the employed method of FTIR
spectroscopy does not allow for quantitative analysis, it is only possible to suggest that the 
increased intensity of the C H 2/C H 3 peaks seen in all Super P oxidised samples and for 
XC72R M1-M4 is due to increased hydrogenation. The presence of aliphatic groups will not 
change the hydrophobicity of the CBP, as they are neither polar, nor ionic functional groups. 
Additionally, it could hinder the encouragement of BOD rotation. Interestingly, two 
negative peaks in XC M5 and XC M6 have appeared post treatment in this region. It is 
possible that these two treatment methods have ‘stripped’ the C H 2/C H 3 contents off the 
XC72R surface, or this may also be due to incorrect background correction. To clarify this 
anomaly, the ATR-FTIR analysis was repeated several times on these samples, but no 
change to the spectra was detected.
Sulfonation and Nitration
Treatment of carbon black with H 2 S O 4 or H N O 3 could lead to the introduction of sulfonic 
acid groups ( - S O 2 O H ) or nitro groups ( N O 2 ) ,  either into the carbon matrix or bound to the 
carbon surface. C H N  analysis has confirmed the presence of nitrogen in SP M3, XC M3 and
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XC M4 (Table 3.2). The fixation of nitro groups during chemical modification can be 
detected via a weak band at 1539 cm '\ attributed to the symmetric vibration of -NO] 
groups.^^^  ^ However, this peak is not present in any of the ATR-FTIR spectra for either CBP, 
which implies that while the post-treatment washing was sufficient to remove excess H^ (aq), 
residual aqueous nitrate groups lingered, explaining the detection of nitrogen during 
elemental analysis. Also absent from both M6 spectra are adsorption bands at 1260 and 
802 cm '\ attributed to - S O ]  antisymmetric and symmetric stretching vibrations (attributed 
to - S O 3H ) , respectively ,w hich  additionally confirms that neither CBP has been sulfonated 
during treatment.
Non-Definitive Peak Assignments
Despite extensive research on the topic spanning numerous decades, there is still 
considerable controversy surrounding assignment of several of the key bands found in 
carbon black FTIR spectra. Perhaps the most controversial of all is the broad band around 
1550-1680 cm '\ Whilst it has been confirmed that the presence and intensity of this band is 
strictly connected with the presence of surface o x i d e s , t h e  exact assignment is still 
debated, ranging between one of three possibilities: the stretching vibrations of carboxyl- 
carbonates the C=0 stretching vibrations of highly conjugated quinones, or
the C=C antisymmetric stretching vibrations in aromatic ring structures that are peripheral to 
surface o x i d e s . W i t h o u t  definitive peak assignments, it is not possible to comment 
either way as to how these surface oxides will impact on the encouragement of the rotation 
of the BOD enzyme for improved DET, although the polarity of these groups will assist to 
improve the hydrophilicity of the CBPs.
Another controversial peak assignment is that of the sharp band between 1400-1450 cm '\ 
which is assumed to be either CH] deformation, 0-H  in-plane deformation of the hydroxyl 
g r o u p , o r  the C-0 stretching frequency of the carboxylic acid g r o u p . T h e  presence of 
this peak in the spectra obtained in this project seems to be coincident with the presence of 
the peak at 1695 cm '\ which was assigned to C=0 stretching vibration of carboxyl groups, 
but it does not correlate with the presence of other C-H or 0-H  peaks (see M2 and M6 in 
Figure 3.3). It is therefore highly probable that this peak is in fact due to C-0 stretching in 
the -COOH group, thus also casting doubt on notions that the peak could be due to O-H and 
C-H bond frequencies.
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3.5 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is an analytical technique that quantitatively measures 
the changing mass of a material whilst the sample specimen is subjected to a controlled 
temperature programme in a controlled a t m o s p h e r e . W h e n  carbons are heated at higher 
temperatures, the surface functional groups decompose and release gaseous products, thus 
through the analysis of the mass loss characteristics of the material, one can determine 
aspects of the composition of the material. For a more detailed discussion, refer to 
Section 2.3.2.
TGA was employed to support the deductions made during FTIR analysis, with respect 
to -COOH functionalisation and to quantify the carboxylate content of the oxidised Super P 
samples.
Experimental Methodology: Sample Preparation and Procedure fo r  TGA
All samples were dried in a vacuum oven at 120 °C prior to analysis, to remove water 
adsorbed onto the CBP surface. Samples were analysed on a Q500 TGA Analyser (TA 
Instruments), using a platinum balance pan, with initial sample masses o f approximately 
2 mg. The temperature control programme consisted o f ramping the temperature from RT to 
950 ^C, at a rate o f 10 ^C m in \ A nitrogen (non-combustible) atmosphere was used, with 
balance and sample flow rates o f 40 and 60 cm^ min \  respectively. During analysis, the 
derivative o f the mass change was calculated and plotted to assist with the identification o f 
transition start/end temperatures. TGA was conducted in duplicate fo r  all samples.
TGA was conducted for all of the original and treated CBPs, but only the TGA curves of the 
Super P CBP samples are presented and discussed here, as XC72R was used only as a 
control to ensure the treatment methods had worked (in the event that -COOH 
functionalisation had failed with respect to Super P). However, FTIR analysis (section 3.4) 
indicated that -COOH groups exist on all of the Super P samples. TGA curves for the 
XC72R samples are presented in Appendix A.l to A .I. TGA was conducted in duplicate but 
only one of the two TGA curves are presented in this work, as all of the duplicate curves 
overlapped satisfactorily with results from the first TGA. DTG was also plotted to 
distinguish completion of mass-loss steps and increase resolution of overlapping mass-loss 
occur r ences . TGA/DTG curves for untreated and oxidised Super P samples M l through 
to M6 are presented in Figures 3.4 to 3.10, respectively.
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Figure 3.4. TGA and DTG curves of the CBP Super P before chemical treatment, obtained under 
nitrogen. Temperature control programme: ramp from RT to 900 °C at 10 °C / min.
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Figure 3.5. TGA and DTG curves of the CBP Super P after chemical treatment via Method 1 (M l), 
obtained under nitrogen. Temperature control programme: ramp from RT to 900 °C at 10 °C / min.
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Figure 3.6. TGA and DTG curves of the CBP Super P after chemical treatment via Method 2 (M2), 
obtained under nitrogen. Temperature control programme: ramp from RT to 900 °C at 10°C / min.
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Figure 3.7. TGA and DTG curves of the CBP Super P after chemical treatment via Method 3 (M3), 
obtained under nitrogen. Temperature control programme: ramp from RT to 900 °C at 10 ”C / min.
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Figure 3.8. TGA and DTG curves of the CBP Super P after chemical treatment via Method 4 (M4), 
obtained under nitrogen. Temperature control programme: ramp from RT to 900 ”C at 10°C / min.
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Figure 3.9. TGA and DTG curves of the CBP Super P after chemical treatment via Method 5 (M5), 
obtained under nitrogen. Temperature control programme: ramp from RT to 900 °C at 10°C / min.
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Figure 3.10. TGA and DTG curves o f the CBP Super P after chemical treatment via Method 6  (M 6 ), 
obtained under nitrogen. Temperature control programme: ramp from RT to 900 °C at 10 °C / min.
3.5.1 Functional Group Assignments to Mass Loss Regions
As can be seen in Figures 3.4 to 3.10, several different mass loss regions, including a 
continuous loss as well as a mass gain region, were identified in the TGA curves. These will 
now be discussed and assignments made, wherever possible.
Loss o f Water at RT-120 °C
Mass losses up to 120 °C were attributed to the loss of water from the sample. The CBPs 
were finely ground and dried in a vacuum oven prior to TGA analysis, to remove water 
adsorbed on the CBP sample surface. The original CBPs show no water content, but the 
oxidised samples show that they still contain water, even after drying. It is also seen that the 
greater the extent of functionalisation of the sample (the larger the total mass loss of the 
sample up to 950 °C), the larger the water content. This shows us that the extent of 
functionalisation is directly related to the hydrophilicity of the material. One of the 
properties of hydrophilic materials is their ability to adsorb and retain moisture from air. 
The greater the hydrophilicity of the material, the greater the amount of water that will be 
adsorbed. It would, therefore, be expected that M3 and M6 would provide oxidised CBPs 
giving the best, most stable dispersions.
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CO2 Evolution at 200-450 °C and H2O Evolution at 250-385 °C
CO2 evolves within the range 200-600 which is commonly believed to be from the 
decomposition of free carboxylic acid groups. There are two mass loss transitions occurring 
within this temperature range. The first is between 200-450 °C and is attributed to the 
decomposition of -COOH. '^^°’ The DTG traces show that all samples have a mass loss 
that onsets at 200 °C, which is in agreement with FTIR findings that -COOH 
functionalisation did occur.
In addition, another mass loss with a narrower temperature range is seen at 250-385 °C. 
Assignment of a specific functional group to this loss is trickier, as there are several 
hypotheses surrounding the transition. Diffusion of the evolved gases is slow in narrow 
p o r e s , t h u s  if the treatments have resulted in the formation of larger pore sizes, diffusion 
will be faster thereby narrowing the transition range. However, as the TGA curves have 
shown that few of the oxidised CBPs have a surface chemistry that is thermally stable 
beyond 150 °C, it was not possible to determine the pore size of the CBPs after oxidation, as 
no suitable non-destructive outgassing temperature could be established for BET analysis. 
On the other hand, this additional mass loss was also observed by Beck et al., who suggested 
it could also be due to the desorption of a different type of functional group with a different 
thermal s tabi l i ty .Compar ing the TGA curves with the FTIR spectra, there seems to be no 
correlation between this mass loss at 250-385 °C and the presence of the C=0 peak at 
1695 cm '\ However, the presence of a small peak at 1140 cm'^ is almost coincident with 
this additional transition; that is said to be due to the C-O stretching in phenols, carboxylic 
acids and l ac t ones . Lac t ones  typically decompose at temperatures above 750 °C to form 
Miura and Morimoto claim that phenolic groups have a decomposition peak just 
above 300 Thus, it is possible that this transition is as a result of the decomposition of 
phenols, resulting in the evolution of H20 (g).
These observations contribute several insights to this study. Firstly, due to the overlap of the 
functional group decompositions it is not possible to accurately quantify the -COOH content 
of the CBPs by TGA. This was subsequently determined via Boehm titration (see 
Section 2.3.4). Secondly, it would seem that Super P is less susceptible to phenol 
functionalisation than XC72R (Appendix A.I. to A.I.). Thirdly, there is no visible trend 
linking the reagents, reaction conditions and the tendency of functionalisation towards either 
-COOH or phenols.
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CO Evolution at 580-650 °C and Mass Loss at 650-835 °C
CO evolution from heated CBPs occurs between 450-1000 Several of the TGA curves 
exhibit a mass loss around 580-650 °C, which is attributed to the CO formation from the 
decomposition of phenols, carbonyls, quinones and ethers.^ "*^ ’ Another mass loss is also 
seen between 650-835 °C, although assignment of the source of this loss is controversial. 
Ros et al. conclude it to be the evolution of CO2, due to lactone decomposition, '^ '^^’ whilst 
Beck et al. suggest it could also be the evolution of free hydrogen.^ "^ ^^  Comparisons with the 
FTIR spectra do not allow for a more definitive assignment.
Stability o f  CBP Surface Chemistry
The lack of a distinguishable main mass loss region in SP M6, where treatment involved 
reflux with H N O 3 /  H 2 S O 4 , is noteworthy, as the DTG curve only indicates a transition 
related to -C O O H  decomposition. This gradual mass loss is also exhibited to a lesser extent 
in all the other oxidised samples (with the exception of SP M3). This can indicate that either 
the overall surface chemistry of the CBP sample is unstable and gradually decomposes, or 
that chemical treatment has resulted in activation of the CBP, creating open pores within the 
CBP particles, which delay diffusion of the decomposition products away from the CBP and 
thus expanding the temperature range over which decomposition is observed. A change in 
the pore structure of the CBP will also be reflected in the capacitive current arising from the 
electrochemically active surface area of the oxidised CBPs, compared to the original.
Mass Gain at 450-580°C
In all the TGA curves (original and oxidised samples) for both CBPs there is a mass gain 
region, with onset at 450 °C. In instances when TGA is run under oxygen or air, this mass 
gain can be explained as oxidation of the sample resulting in the formation of non-volatile 
oxides.^ °^  ^ However, these TGA measurements were all run under nitrogen. Comparing 
these TGA curves with other samples run on the same instrument (outside of this project) it 
was concluded that this transition is as a result of a technical discrepancy, where the 
instrument is not auto-ranging correctly. It is therefore not related to the properties of the 
materials. However, as the instrument passed all calibration checks and as it has been 
established that only qualitative information can be derived from this TGA study, for the 
requirements in this project it was concluded that the remaining data are accurate and can be 
used, as this anomaly does not overlap with any of the other transitions.
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3.6 Boehm titrations -  Quantification of -COOH Groups
In order to determine which oxidative treatment was most efficient at -COOH 
functionalisation of the Super P CBP, it was necessary to quantify the -COOH content of the 
oxidised Super P samples. As TGA proved capable of only qualifying the presence 
of -COOH, quantification was achieved using the Boehm titration, which was explained in 
detail in Section 2.3.4. The functionalisation of Super P is novel, therefore no literature is 
available pertaining to the -COOH content of untreated Super P. A sample of untreated 
XC72R was therefore also tested (for which published data is available) so that reliability of 
the Boehm titration method could be ascertained.
Experimental Methodology: The Boehm titration
3.0 g o f CBP was stirred in 100 cwt o f standardised NaHCOs (aq) (0.05 mol dm'^), fo r  24 hrs 
without heating. The mixture was centrifuged to isolate the aqueous solution, which was 
then additionally passed through a 0.45 pm millipore MF membrane filter, to remove all 
residual carbon particu la tes.^^10.0 cn l o f the purified solution was reacted with 20.0 cm^ 
o f standardised HCl (aq) (0.05 mol dm'^ )  and purged with Nj ^  fo r  2h to remove dissolved 
The purged solution was then auto-titrated against KOH (aq) (0.1 mol dm'^). 
titrations were conducted minimally in duplicate, depending on the available quantity o f  
CBP. The volume o f KOH that reacted was used to calculate the number o f moles o f - 
COOH in the CBP, using the calculation presented in Section 2.3.4.
Table 3.4 presents the average reacted KOH (aq) volumes and the subsequently calculated - 
COOH content (in mol g'^) of the untreated and oxidised Super P samples and the untreated 
XC72R reference sample, using the calculation presented by Goertzen et alP^^ As 
aforementioned, a sample of untreated XC72R was used as a reference sample to determine 
the reproducibility of the Boehm titration procedure, considering the error that can arise in 
such a long, multi-step procedure. In this work, XC72R is shown to have 0.13 ± O.OI mmol 
g'^  of surface -COOH groups, which is in close agreement with the -COOH content reported 
by Zhou et al. (0.12 mmol g'^ )/^^  ^thus implying that the results for the Super P samples are 
reproducible. Taking into consideration the standard deviation of the -COOH content of SP 
Org (0.03 ± 0.04 mmol g'^), SP Org contains very little or no -COOH. According to the 
Boehm titration results presented in Table 3.4, all of the oxidative treatments have increased 
the mois of -COOH on Super P, which is in agreement with the observations made in FTIR 
and TGA analysis.
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Table 3.4. Average -COOH content (mol g'^ ) in the CBP Super P before and after chemical treatment 
via six different methods (Ml to M6), calculated fi"om the average reacted KOH volumes obtained via 
Boehm titration, where n > 3. Untreated Vulcan XC72R was used as a reference sample to ensure 
accuracy of the titration method.
Sample Average KOH (aq) titre/cm^ Average-COOH content/ mmol g'^
XC Org 5.20 ± 0.04 0.13 ±0.01
SP Org 4.91 ±0.13 0.03 ± 0.04
SPMl 6.48 ± 0.04 0.57 ±0.01
SPM2 5.52 ± 0.03 0.24 ±0.01
SP M3 5.28 ± 0.03 0.16 ±0.01
SPM4 7.16±0.17 0.80 ± 0.06
SP M5 5.46 ± 0.09 0.22 ± 0.03
SP M6 9.82 ± 0.02 1.70 ±0.00
The most efficient oxidative treatment with respect to -C O O H  functionalisation on Super P 
is M6, which involves a mix of concentrated H N O 3 /  H 2 S O 4 . This is also seen by several 
times in the literature for other CBPs and is claimed to be due to the presence of H 2 S O 4 , 
rather than the high concentration of the r e a g e n t s . T h e  second most effective method is 
M4, followed by M l. There is little variation between oxidative methods M2 and M5, which 
is also reflected in the C H N  results. Despite SP M3 showing the largest overall 
functionalisation in TGA and C H N , it has the lowest quantity of -C O O H  surface groups. 
This suggests that, although sonication has been seen in this work and in the literature to 
increase the amount of overall functionalisation,^^^’ it cannot be used to direct 
functionalisation towards the formation of a specific functional group, such as -C O O H .
3.7 Hydrophilicity o f Oxidised Super P
The second objective of the work presented in this chapter was to determine the optimum 
treatment method with respect to increasing the hydrophilicity of the Super P. Thus far the 
presence of several polar functional groups had been identified, across all six treatment 
methods, such as hydroxyl, carboxylate and quinone. Although the dispersibility of the 
untreated vs. oxidised Super P samples in polar solvents is yet to be compared.
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Incorporation of Super P into an electrode requires dispersion of the CBP in a solvent to 
form an ‘ink’ that is then used to form a thin-film on the surface of a GC electrode. In order 
to achieve a uniform and reproducible loading of the CBP on the GC surface, the ink must be 
homogeneous. Considering that the application of the Super P in this work is to manufacture 
a BOD cathode, use of non-polar solvents is not desirable, as any residual amounts that 
remain in the thin-film may have a negative impact on the enzyme activity. However, 
homogeneous dispersions in polar solvents can only be achieved if the Super P possesses 
enough polar surface functional groups to aid dispersibility. Hydrophilicity of the oxidised 
Super P samples was therefore examined via testing of the Super P/H2O mixtures post- 
son i cation.
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Figure 3.11. Stability of the CBP/H2 O dispersions at 0 min to 24 hrs after sonication, containing the 
CBPs Super P and Vulcan XC72R before and after chemical treatment via six different methods (M l 
to M 6 ). (~ 5.66 mg of CBP cm'^).
Figure 3.11 presents photos of the CBP/H2O dispersions taken at 0 min to 24 hrs after 
sonication, which represent the instability of the dispersions, denoted by the settling of the 
CBP. Hydrophilicity was found to increase for all of the oxidised Super P CBP samples and 
only the CBP samples treated with Method 6 form dispersions that are still stable 24 hrs after 
formation, for both Super P and XC72R. It was determined via Boehm titration 
(Section 3.6) that SP M6 had the highest -COOH concentration of all of the treated Super P 
samples. This is indirectly supported by the instability of all other dispersions and also 
further indicates that Method 6 results in the highest concentration of polar CSFs, thus 
forming the most hydrophilic CBP.
The CBP in the dispersion manufactured from SP M3 had still not fully settled at 24 hrs, 
suggesting that the hydrophilicity of SP M3 is higher than for M l, M2, M4 and M5. This is
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not unexpected as CHN (Section 3.3) and TGA (Section 3.5) results indicated that SP M3 
was functionalised to the greatest overall extent, even compared to SP M6. Interestingly, the 
XC M3 dispersion fully settled by 24 hrs, further highlighting the differences noted to date 
of the effects of the oxidative treatments on the two different CBPs.
Even though certain dispersions were instable beyond 5 min, stability was sufficient enough 
to allow fabrication of acceptable electrodes. The functionalised CBPs were therefore tested 
electrochemically using CV to determine the effect of functionalisation on their 
electrocatalytic activity and their suitability as enzyme support materials within a BOD 
cathode.
3.8 Electrochemical Characterisation o f Functionalised CBPs
The final objective of the work presented in this chapter was to determine which of the six 
oxidative methods were optimal with respect to application of the COOH-Super P as an 
enzyme support material in a BOD cathode.
Although the work in this project focuses on the investigation of three-layer sandwich BOD 
cathodes architectures, the architecture used to test the suitability of the COOH-Super P 
samples was simplified, involving only a base layer (Zbase) of COOH-Super P, followed by 
an adsorbed layer of BOD (Xbod)- Isopropanol was selected as a solvent as opposed to water 
in order to shorten the drying time required to form the thin-film layer. 
Polytetrafluoroethylene was used as a binder to support adhesion of the thin-film to the GC 
surface as this material was readily available, although it is worth noting that a Nation 
support may be more suitable for future experimental work due to its ability to maintain a 
steady pH environment, which would provide additional protection for the BOD enzyme.
Experimental Methodology: CBP/IPA Dispersions
0.075 g o f FIFE was sonicated for 30 min in 75 cm^ o f isopropanol to form a PTFE/IPA 
stock dispersion. 0.0085 g o f CBP was added to 1.5 cm^ o f the stock dispersion and 
sonicated, again fo r 30 min, to form a CBP/PTFE/IPA dispersion with a concentration o f  
approximately 5.66 ± 0.05 mg cm'^ and a CBP. PTFE ratio o f 85:15. The dispersions were 
photographed immediately after sonication and 24 hrs later.
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Experimental Methodology: BOD Cathodes Manufactured with CBP
2.5 pL o f the Super P/PTFE/IPA dispersion, was deposited onto the GC surface and allowed 
to dry in air, forming Zbase- BOD cathodes were manufactured by depositing 10.0 pL o f
10.0 mg cm'^ BOD (L^qd) onto Zbase cind allowing the electrode to dry under vacuum (in a 
vacuum desiccator) at 4.0"C until the majority o f the water had been visibly removed 
(allowing the Zbod layers to fully dry resulted in cracking o f the electrode architecture, 
therefore this was avoided). Weakly adsorbed protein was removed by gentle rinsing o f the 
electrode with water prior to electrochemical testing.
3.8 .1 Electrochemical Properties Post-Oxidation
The first set of electrodes to be manufactured and tested was without BOD (Zbase only), so as 
to investigate the effect of the different oxidative methods and identified presence of various 
functional groups on the CBP surface on the electrochemical properties of the Super P CBPs.
The modification of CBPs and other carbon nanomaterials with oxidative treatments has 
become commonplace in order to develop desirable physiochemical properties within the 
m a t e r i a l . O x i d a t i v e  treatments are known to increase the surface area and porosity of 
carbon materials, thereby increasing the electrochemically active surface area. It has also 
been observed that oxygen-containing surface groups can enhance the electrochemical 
capacitance of carbon materials,^ "^^  ^ as a more hydrophilic surface area increases the surface 
area upon which an electrical double layer will form.
Cyclic voltammograms (CVs) in air purged electrolyte for the as received CBP and the 
chemically treated samples are presented in Figure 3.12 (with original and zoom versions, 
for clarity). CVs of the electrodes in nitrogen-purged electrolyte were very similar to the 
above and are therefore presented in Appendix A.8. The electrochemical properties of the 
XC72R CBP pre- and post-oxidation were also tested but will not be discussed, as XC72R 
was used only as a control to ensure the treatment methods had worked (in the event that - 
COOH functionalisation had failed with respect to Super P). However, FTIR analysis 
(section 3.4) indicated that -COOH groups exist on all of the Super P samples; the results are 
presented in Appendix A.9. to A. l l .
The electrochemically active surface area (ESA) of a carbon material is related to the 
capacitive current, which in turn is directly related to the area of the CV curve. Assuming
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identical CBP loading between the electrodes, the area of the CV curves in Figure 3.12 
suggest that all of the oxidative treatments have a larger capacitive current due to an 
increased ESA. This supports the observations made in TGA, where the differing onset 
temperature of the decomposition steps suggested that the pore structure of the CBP may 
have been changed. The extent to which the ESA has changed varies between treatments, 
where SP M6 has been considerably activated compared to the other five treatment methods. 
SP M4 has the second largest ESA, with little variation between the other four oxidative 
treatments.
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Figure 3.12. CV curves of GC-Super P/PTFE electrodes in air purged electrolyte, where the CBP 
Super P has been chemically treated with six different methods (left: M l to M 6 , right: zoom of 
M l to M5). CVs were run at 10 mV s"‘ in pH 5.0 sodium citrate buffer. Data shown are averaged, 
where n > 3. Current densities were normalised using the geometric surface area of the GC electrode 
(0.071 cm^).
CBPs functionalised using oxidising treatments can often display redox peaks related to the 
introduced oxygen surface groups,^^  ^ typically observed between 0.55-0.6 V vs. SHE.' '^’ 
According to Kinoshita and the recent work by Andreas et the appearance of redox
peaks is related to the oxidation/reduction processes of hydroquinone/quinone groups. These 
peaks would be expected to present themselves between 0.341-0.391 V vs. Ag|AgCl, but are 
not observed in any of the CVs in this work. ATR-FTIR results suggest that 
functionalisation with quinone groups did occur, but the redox potential of this mechanism is 
also pH-dependent,^^^^ and it is likely that it will have shifted to outside the 0.2-0.7 V vs. 
AgjAgCl potential window, as the pH is more acidic than the other reported values.
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3.8.2 Application within a Composite BOD-cathode
BOD-cathodes were produced using the as-received CBP and chemically treated samples, 
following the methodology outlined in Section 3.8. Cyclic voltammograms (CVs) of the 
produced BOD-cathodes in air and nitrogen purged electrolytes are presented in Figures 3.13 
and 3.14, respectively.
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Figure 3.13. CV curves o f GC-Super P/PTFE-BOD electrodes in air-purged electrolyte, where the 
CBP Super P has been chemically treated using six different methods (Ml to M 6 ). CVs were run at 
10 mV s'  ^ in pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current densities 
were normalised using the geometric surface area of the GC electrode (0.071 cm^).
A BOD-catalysed ORR current is seen for all of the CBPs, including SP Org, except for SP 
M6. The failure of SP M6 is attributed to the -COOH content, which was determined via 
Boehm titration (Section 3.6) to be the highest of all the oxidised Super P samples. 
Rositani et al. found a distinct correlation between pH in solution of the CBP and the 
concentrations of the -OH and -COOH groups on the carbon surface. As the concentration 
of the -OH and -COOH decreased, the solution pH i n c r e a s e d . T h i s  is relevant because too 
much -COOH on the carbon black would lead to a low pH environment on addition of the 
aqueous BOD, which would have a negative effect on the enzyme. This shows that although 
-COOH is ideal for optimising DET with BOD, the levels of -COOH much be carefully 
balanced.
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F igure 3 .14 . CV curves of GC-Super P/PTFE-BOD electrodes in nitrogen-purged electrolyte, where 
the CBP Super P has been chemically treated using six different methods (M l to M 6 ). CVs were run 
at 10 mV s '’ in pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current 
densities were normalised using the geometric surface area o f the GC electrode (0.071 cm'’).
Despite lower concentrations of surface -COOH in the remaining oxidised samples, none are 
seen to improve the performance of the BOD cathode beyond what was already achievable 
with non-functionalised Super P. This confirms that there are other physicochemical factors 
to be considered, beyond -COOH content, in order to develop and optimise the Super P 
carbon for application to a BOD cathode. One example is the conductivity of the material, 
which is reliant on the pathways that are formed when one CBP particles make contact with 
each other.
SP M4 seems to have at least matched the performance attained with SP Org and a more 
efficient BOD-catalysed ORR current is observed (denoted by the steeper gradient in 
reduction current between 0.4 and 0.6 V vs. Ag|AgCl), (Figure 3.13). However, there are 
still several limitations with this carbon material produced via this method of oxidation. 
Firstly, the onset potential of the ORR current has shitted from 0.6 V vs. Ag|AgCl in SP Org 
cathodes, to 0.58 V vs. Ag|AgCl in SP M4 cathodes. Secondly, it is difficult to determine 
the onset potential of the diffusion-limited current, which indicates that the efficiency of the 
BOD ORR on the SP M4 surface is not yet optimally efficient. Thirdly, repeatability of the 
results from BOD cathodes manufactured with SP M4 is seen to be poor (Figure 3.15), as the 
average current density at 0.3 V vs. Ag|AgCl is seen to have a large standard deviation 
(-96 ± 28 pA cm'“).
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Figure 3.15 Current densities at 0.3 V vs. AgjAgCl from CVs of GC-Super P/PTFE electrodes, with 
and without BOD, in air and nitrogen purged electrolytes, where the CBP Super P has been 
chemically treated using six different methods (M l to M6). Data shown are averaged, where n > 3. 
Current densities were normalised using the geometric surface area of the GC electrode (0.071 cm^).
As a result, it was concluded that none of the six oxidative methods were more improved 
with respect to application of the COOH-Super P as an enzyme support material in a BOD 
cathode, when compared to the non-functionalised SP Org. Further optimisation is required 
of the COOH-CBPs, with respect to other physiochemical properties that are clearly also 
impacting on the performance of the COOH-Super P in the BOD cathode.
3.9 Summary
The CBP Super P was oxidised with several treatment methods, all of which resulted in 
COOH-CBP as seen by ATR-FTIR, TGA and Boehm titration analyses. Surface 
hydrophilicity of the CBP was also seen to increase. However, none of the six oxidative 
methods produced COOH-CBP that was suitable for application within a BOD cathode.
Considering that the next objective of this work was to develop a three-layer BOD cathode 
using the COOH-Super P and compare the effect of incorporation of RTILs and surfactants 
into the electrode matrix, it is imperative that a reliable enzyme support material is selected; 
future analyses of the effects of the RTILs/surfactants will otherwise be hampered. For these
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reasons, it was concluded that at this stage none of the COOH-Super P samples were suitable 
for employment in a BOD cathode, without further optimisation. Extended investigation 
into other physicochemical factors was deemed to be beyond the scope of this project.
Therefore, in order not to hinder analysis of the work to be subsequently conducted in the 
project, the CBP enzyme support material was substituted for MWCNTs-COOH, using a 
method that has been confirmed several times in the literature to be suitable for BOD
D E l h 8 >  57, 58]
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4.1 Introduction
This project looks at comparing the use of different protein stabilising agents in low-cost 
bilirubin oxidase (BOD) cathodes with sandwich architectures, using BOD from 
Myrothecium verrucaria. As discussed in Section 1.7, room temperature ionic liquids 
(RTILs) and are utilised as protein stabilisers in the field of biocatalysis.^ '^^^
RTILs have been a hot topic of research over the past decade within the domain of 
bioelectrocatalysis, as they are reported to increase enzymatic activity,^ '^^  ^ improve enzyme 
s tabi l i ty , can dissolve cellulose (which is reported to be a more biocompatible enzyme 
support material)^ '^^  ^and have a wide electrochemical window.
This chapter discusses the employment of room temperature ionic liquids (RTILs) in BOD- 
cathodes as protein stabilisers and as cellulose solvents. The objective of the work detailed 
within this chapter was to:
>  Develop and optimise a BOD-cathode with a sandwich architecture, using a RTIL in 
electrode fabrication.
4.2 Oxidative Treatment o f MW CNTs
As previously discussed in Section 3.8, the oxidised CBP Super P-COOH, which was 
initially intended to be employed as the enzyme support material throughout this work, was 
found to be inadequate for application to a BOD cathode and was therefore substituted with 
MWCNTs-COOH. The MWCNTs were oxidised using the following methodology, 
reported by Liu et al. (1998).^ °^^
Experimental Methodology: Oxidative Treatment o f  MWCNTs
1 g  o f MWCNTs was stirred in a 3:1 mixture o f concentrated H2S 0 4 :HN0 3  (98 % and 
70 % v/v, respectively) at 70 °C fo r 1 hour. The resulting slurry was allowed to settle, then 
decanted to remove the majority o f  reagent material and diluted 100-fold. The MWCNTs- 
COOH were transferred into a dialysis tube, which was sealed and washed continuously 
under running water. The pH  o f the aqueous environment inside the dialysis tubing was 
regularly monitored using disposable pH  indicator strips and washing was terminated when 
no further change in the pH  was detected. In all cases a stable p H  o f 6.5 was attained. The
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MWCNTs-COOH were then dried in a vacuum oven at 80 °C for 24 hrs, before being ground 
to return the carbon material to the form required to produce the inks fo r  electrode 
application.
The resulting MWCNT-COOH were not characterised, as this method of functionalisation 
has been reported to be successful within the literature on several occasions 
Furthermore, it was not possible to analyse the specific surface area of the oxidised 
MWCNTs due to problems encountered during evacuation at the start of BET measurements. 
Due to the nature of the sample, the instrument failed to attain sufficient vacuum. Any 
reference to MWCNTs within this project refers to the use of MWCNT-COOH, oxidised via 
this method.
4.3 Three-layer BOD Cathodes with EMIM-OAc
As a starting point to this investigation, a method of sandwich electrode fabrication was 
identified from within the literature that used EMIM-OAc as a protein stabiliser for a glucose 
oxidase (GOx from Aspergillus niger) anode.^"^ EMIM-OAc (Figure 1.1) is highly regarded 
as the best ionic liquid solvent to dissolve cellulose.^^' Furthermore, EMIM-OAc is 
considered to be non-toxic, non-corrosive and even b iodegradable .A twenty-fold increase 
in current density was reported for the GOx-anode, compared with alternative architectural 
variations that involved removal of the RTIL prior to the addition of the enzyme.^^^^
CHa o  
}  - o - ^ c h 3
Figure 1.1. Chemical structure of the RTIL 1-ethyl-3-methyl imidazolium acetate (EMIM-OAc).
The sandwich architecture was constructed of three-layers, which for clarity will be referred 
to as the base layer (Zbase), BOD layer ( Z b o d )  and capping layer (Z c ap ) .  The purpose of the 
base layer in the electrode architecture is threefold: firstly, it increases the surface area of the 
otherwise flat GC electrode sur face , secondly  it facilitates the immobilisation of BOD 
through adsorption and lastly COOH groups present on the surface of the oxidised
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MWCNTs are believed to encourage optimal rotation of the enzyme for direct electron 
transfer (DET)J^^  ^ The purpose of the capping layer in the sandwich architecture is to 
immobilise the BOD within the electrically conductive MWCNT layers, whilst not inhibiting 
or hindering the access of oxygen to the enzyme
The experimental methodology was initially adopted exactly as described from the published 
literature,^'replacing only GOx with BOD, resulting in the formation of a BOD cathode 
with a three-layer sandwich architecture, as depicted in Figure 4,2.
M W C N Ts & cellulose in RTIL 
’ C 3 p  10 .0uL o f 0.1 % l\/IWCNTs& 3.0 % cellulose In RTIL, then washed
Æ  /  BOD
BOD 10 .0uL of 1 0 mg cm'  ^In then dried
I M W CNTs
b 3  SG 20 layers o f 1 0 .0 ixHn H2 0  = 0.1 mg cm' ,^ then dried
Polished GC Electrode
Figure 4.2. Schematic of the three-layer BOD cathode architecture that employs RTILs as a cellulose 
solvent and BOD stabiliser, where Z^p: capping layer, Zbod: BOD layer, Zbase: base layer.
Experimental Methodology: three-layer BOD Cathodes Manufactured with RTILs0.5 mg of oxidised MWCNTs were briefly sonicated in 5.0 cm/ of water and the resultant partial-dispersion w’as left overnight to settle. Once separated, a 10.0 pL aliquot of the MWCNT dispersion was applied to a pre-cleaned GC electrode and left to dry under vacuum. This was repeated until a total of 20 MWCNT layers were applied to the GC surfacej“'to form Zbase- Subsequently, a 10.0 pL aliquot of BOD dissolved in water (at a concentration of 10.0 mg cnT\ unless stated otherwise) was applied to the GC-MWCNT surface and dried under vacuum at 4.0 "C, forming Zbod- The final capping layer, Zcap, deposited from a MWCNT/RTlL-cellulose dispersion. 0.1 % mass MWCNTs were dispersed in a solution of l-ethyl-3-methyl imidazolium acetate (EMIM-OAc) containing 3.0 % dissolved cellulose, following the method outlined by Wu et al.'''' 10.0 pL of thisMWCNT/RTIL-cellulose dispersion was sequentially pipetted onto Zbqd and left under vacuum at 4. O'’C for 1.5 hrs, to aid adsorption of the capping layer, after which the electrode was submerged into water for 10 min to remove the RTIL through dissolution. Finally, the completed three-layer sandwich electrode was again fully dried under vacuum (in a vacuum
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desiccator with no pressure gauge) at 4.0 °C and used immediately after preparation was 
complete.
Following preliminary studies, water was used in preference to dilute buffer to dissolve the 
enzyme, as early studies showed a decrease in the activity of the enzyme when buffer was 
used due to the inherent method of electrode fabrication. When the BOD layer was 
subsequently dried, the concentration of the buffer ‘solution’ increased, resulting in a poor 
cathode performance. The increased concentration of salts (from the dried buffer) were 
suspected to have a negative impact on the enzyme activity, more than the absence of buffer 
and water was therefore selected in preference.
4.3.1 Evaluation o f  Background Currents
Initially, a series of blank electrodes were manufactured and tested to evaluate the 
background currents from the multiple electrode components:
>  The base layer of MWCNTs (only Zbase)
> The base layer and capping layers without BOD (no Zbod)
> The base layer of MWCNTs, with BOD, but without a capping layer (no Zcap)
CVs for the blank electrodes obtained in air and nitrogen purged electrolyte, are presented in
Figure 4.3. Electrodes without the capping layer (Figure 4.3, ‘No Zcap’) have a sigmoidal 
half-wave shaped CV curve in the air-purged electrolyte, with average current density 
o f -21 |liA  cm"^  at 0.30 V vs. Ag|AgCl, which disappears under anaerobic conditions. This 
reduction current is not observed in any of the other blank electrodes (that do not contain 
BOD) in either air or N2(g) purged electrolyte. Therefore, this waveform is assigned to the 
oxygen reduction reaction (ORR) catalysed by BOD adsorbed on the electrode surface. The 
ORR is discussed in greater depth in Section 1.4.
The absence of peaks from the CV curves of any of the other blanks confirms that none of 
the other electrode components (GC, MWCNTs, cellulose, residual EMIM-OAc or 
electrolyte) are electrochemically active within this potential window, under either aerobic or 
anaerobic conditions. Furthermore, as no redox active species are present in either the 
electrode or electrolyte in the potential window, the electron transfer of this ORR is assumed 
to be DET.['^]
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Figure 4.3. CVs of blank electrodes related to the three-layer BOD cathode architecture, containing 
EMIM-OAc as the Leap RTIL. For all electrodes: Lbase = 20 layers o f 10.0 jiL in H 2 O, Lbod = 10.0 jiL 
of 10 mg cm'^ in H?0 and Leap ^  10.0 jiL of 0.1 % MWCNTs and 3.0 % cellulose in RTIL. CVs were 
run at 10 mV s’’ in air (solid line) or nitrogen purged (dashed line) pH 5.0 sodium citrate buffer. Data 
shown are averaged, where n > 3. Current densities were normalised using the geometric surface area 
of the GC electrode (0.071 cm’^ ).
Interfacial Electron Transfer between GC-MWCNTs and BOD
As discussed earlier in Section 1.4, multicopper oxidases (MCOs) contain two redox centres: 
a T1 Cu site and a T2/T3 trinuclear Cu cluster.^^*’^ ^^  It is eommonly aceepted that the T1 site 
reeeives eleetrons and transfers them to the more deeply embedded T2/T3 eluster, where the 
ORR is aetually c a t a l y s e d . C o n v e r s e l y ,  other reports have suggested that MCOs such 
as BOD and laccases can transfer electrons directly between gold electrodes and the T2/T3 
c l u s t e r , b y p a s s i n g  the T1 Cu. To confirm what occurs at the GC-MWCNT electrode, 
the formal potentials of the T1 Cu site are compared with the onset potential of the ORR 
c u r r e n t . T h e  formal potential of the T1 and T2/T3 Cu sites in BOD have been reported to 
be 460 mV and 170 mV vs. Ag|AgCl at pH 7.0, r e s p e c t i v e l y . T h e  onset potential of the 
ORR current observed for the ‘No Leap’ electrode is 0.6 V vs. AgjAgCl at pH 5.0. 
Interestingly, at low pH the onset of activity is proposed to be much more positive than the 
reduction potential of the T1 Cu.^ *^^  This observation is explained by a very fast and 
spontaneous intramolecular electron transfer that continually re-oxidizes the T1 Cu even at a 
potential where it persists almost entirely in the Cu(ll) s t a t e . T h i s  potentially explains
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why the observed potential is higher than the formal potential for the T1 Cu site in BOD, 
strongly supporting that notion that the T1 Cu is the electron accepting site on the protein in 
DET reactions between BOD and MWCNTs immobilised on a GC electrode. This is fully 
consistent with the results of a study of electrocatalytic O2 reduction by BOD in which the 
T1 Cu centre was modified, showing the importance of the T1 Cu in influencing the 
electrode potential at which O2 is reduced.
4.3.2 Optimisation o f BOD Loading fo r  three-layer Electrode with EMIM-OAc
The methodology reported in the literature applied 0.8 mg of GOx to each electrode, but, as 
the molecular weight of BOD is different to that of the dimeric protein glucose oxidase (66 
kDa vs. ca. SOkDa,^’ ’^ respectively, where 1 Da ~ 1 g mof' ) and BOD is also a 
considerably more expensive enzyme (£1.90 per mg compared to £12.50 per mg),^^°’ 
preliminary tests were performed with a range of smaller BOD loadings of 0.02, 0.04, 0.06, 
0.08 and 0.10 mg of protein.
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Figure 4.4. CVs of three-layer BOD cathodes containing EMIM-OAc, with various loadings o f BOD 
(from a-e) o f 0.02, 0.04, 0.06, 0.08 and 0.10 mg, respectively. For all electrodes: Ibase = 20 layers of 
10.0 |iL in H2 O, and Tcap = 10.0 pL of 0.1 % MWCNTs and 3.0 % cellulose in RTIL. CVs were run at 
10 mV s’' in air purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current 
densities were normalised using the geometric surface area o f the GC electrode (0.071 cm^).
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The resulting CVs compared to electrodes with no BOD or no cap and aerobic conditions are 
shown in Figure 4.4. CVs of the electrodes under anaerobic conditions are located in 
Appendix B.l.
Addition of the MWCNT/cellulose/EMIM-OAc Zcap does not have the increasing effect on 
current density that is seen in the literature for the GOx anode.^^ ^^  Not only is the current 
density in the cathode with the full three-layer Zbase-^ Boo-Zcap architecture cathodes lower 
than with ‘No Zcap’, but the ORR current is negligible compared to the current density 
achieved when the CV measurement is performed under nitrogen.
It was considered that this poor performance could be attributed to one or more factors:
>  The BOD loading is too low
> The addition of the capping layer is reducing enzyme activity
> The capping layer is inhibiting access of O2 to the enzyme
> BOD is being removed with the RTIL during the dissolution step
Considering that the BOD loadings used were reduced by a factor of > 8 from the original 
recommended GOx loading, this was the first variable to be investigated. Several new 
cathodes were produced and tested with increased BOD loadings of 0.15, 0.20 and 0.25 mg. 
The resulting CVs vs. electrodes with no BOD or no cap and aerobic conditions are shown in 
Figure 4.5. CVs of the electrodes under anaerobic conditions are located in Appendix B.2. 
The average current densities at 0.3 V vs. AgjAgCl of the aforementioned BOD cathodes in 
both air and nitrogen purged electrolyte are presented in Figure 4.6.
As previously seen, a negligible ORR current density is still observed for three-layer 
cathodes even with higher BOD loadings (Figure 4.5). In a properly functioning electrode, 
the current density should reflect the catalytic activity and the amount of enzyme adsorbed 
on the electrode sur f ace . However ,  this is not the case.
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Figure 4.5. CVs of three-layer BOD cathodes containing EMIM-OAc, with various loadings of BOD 
(from a-d) of 0.10, 0.15, 0.20 and 0.25 mg, respectively. For all electrodes: Lbase 20 layers of 10.0 
pL in H2 O, and Leap = 10.0 pL o f 0.1 % MWCNTs and 3.0 % cellulose in RTIL. CVs were run at 10 
mV s"' in air purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current 
densities were normalised using the geometric surface area of the GC electrode (0.071 cm^).
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Figure 4.6. Average current densities at 0.3 V vs. AgjAgCl from the CVs, in air and nitrogen purged 
electrolyte, o f three-layer BOD cathodes using EMIM-OAc, with various loadings of BOD (0.02-0.25 
mg). For all electrodes: Lbase ^  20 layers o f 10.0 pL in H2 O, and L^ ap = 10.0 pL of 0.1 % MWCNTs 
and 3.0 % cellulose in RTIL. Data shown are averaged, where n > 3. Current densities were 
normalised using the geometric surface area of the GC electrode (0.071 cm^).
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Furthermore, although Figure 4.6 indicates that the ORR current density is still increasing 
with increasing BOD loading, comparison of the current density under air and nitrogen 
concludes that this increase is in fact due to an increase in the capacitive current, which 
arises with increasing BOD loading. These observations lead to the main conclusion that the 
BOD concentration is not currently the main limiting factor.
4.3.3 Effect o f EMIM-OAc on BOD Activity
The second factor to be investigated is the effect of the Zcap on BOD activity, specifically of 
the EMIM-OAc cellulose solvent, as the stark difference between the performance of 
cathodes with ‘No Zcap’ and those with a capping layer indicated that steric hindrance of 
substrate-to-enzyme access was unlikely to be the only factor. Enzyme activity is sensitive 
to environmental factors and can be easily perturbed, such as through inhibition of the active 
site, steric hindrance or even via dénaturation of the protein.
Enzymatic activity is typically measured using spectrometric techniques, namely UV-vis 
spectrophotometry, which provides a wealth of information on the reaction kinetics, rate of 
substrate degradation etc. However, only a straightforward comparison between normal and 
IL-resultant BOD activity was sought, in order to establish any effects on BOD activity, 
regardless of magnitude. Thus, in order to determine whether EMIM-OAc has any effect on 
BOD activity, a cruder yet considerably quicker test was devised, which involved exposing 
BOD to EMIM-OAc ex-situ, with a procedure that mimicked the process of electrode 
manufacture. In contrast to O2, the substrate employed in electrochemical tests, bilirubin was 
used which is BOD’s natural substrate, discussed in greater detail in Section 1.4.
Experimental Methodology: Tot Tesf -  Effect o f RTILs on BOD Activity
The quantities o f  BOD and EMIM-OAc were calculated to mimic the ratio used to 
maMw/ac/wre rAe rAreg-Zaygr 20.0 //Z .yoWoM q/" .BOD
applied to the base o f a sample pot and dried under vacuum at 4.0 ""C 80.0 pL o f EMIM- 
(14c 0 » /qp q//Ac cKrW .BOD. Dzc a/zzow»/ q/^ /zzzzc /Aa/ /Ac czz /^zzc /c/?
exposed to the EMIM-OAc was varied, in order to crudely determine whether or not 
exposure to the RTIL time was an influential factor on BOD activity. Successively, 5.0 cm^ 
o f water was added and the mixture was shaken to dissolve the EMIM-OAc. 50.0 pL o f 40.0 
mg cm'^  AzA/1/Am, «LM^yo/vcc^  m ;?Zr B.4 TF/j-Z/OZ Az#/-, /Ac» ac!^ c(Z /o cacA q/'/Ac 
samples, in quick succession. Two blanks, the first with only bilirubin in H2O and the second
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with BOD/bilirubin in H2O, were also prepared. A photo was taken of all samples as soon as the BOD/bilirubin blank fully decolourised.
Quantitative determination of the endpoint of the reaction (i.e. quantitative determination of 
full decolourisation) was deemed unnecessary as this test was only to provide a qualitative 
comparison of any effects of the RTIL on the BOD-bilirubin reaction. Therefore 
decolourisation was determined only visually, utilising a plain white background. Any effect 
on BOD activity by EMIM-OAc would be reflected by a delay in the decolourisation of the 
bilirubin, compared to the BOD/bilirubin blank (where the enzyme was not exposed to 
EMIM-OAc). The results from the test, presented as a photograph which was taken 
immediately after the BOD/bilirubin blank decolourised, are shown in Figure 4.7.
Sample 1 represents the colour of all samples at the start of the experiment, as it contained 
only bilirubin in H2O, no BOD. Sample 2 reflects what the sample should look like if BOD 
activity were totally unaffected, a clear and colourless solution, as it contained only BOD 
and bilirubin in H2O and was not exposed to EMIM-OAc. Samples 3 to 7 are where BOD 
was exposed to EMIM-OAc, for varying lengths of time (0, 1, 10, 30 and 60 min). Results 
confirm that when BOD is exposed to EMIM-OAc, the subsequent enzyme activity is 
lowered, as in samples where BOD was exposed to EMIM-OAc metabolism of bilirubin was 
slower compared to sample 2 (the blank) and as a result are still coloured in the photo. The 
similarity in sample colour of samples 3 to 7 concludes that the length of time that BOD is 
exposed to the RTIL is not an influential factor.
3 4  5" 6
Figure 4.7. Results o f the ‘pot test’, where BOD was exposed to EMIM-OAc for 0, 1, 10, 30 and 60 
min (samples 3 to 7, respectively), to determine the effect o f the RTIL on BOD activity towards 
bilirubin. Control sample 1: only EMlM-OAc/bilirubin, control sample 2: only BOD/bilirubin. 
Photograph was taken immediately after the BOD/bilirubin control decolourised. Any effect on 
enzyme activity is reflected by a lingering presence of colour in the sample pot, when the photograph 
was taken.
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Ionic liquids are known to form micelles in water, so it was hypothesised that instead of 
complete dissolution on addition of the water, the EMIM-OAc may be forming micelles on 
contact with the water and entrapping the BOD on the inside. In this situation, whilst BOD 
would not be damaged by the RTIL, enzyme activity would also decrease as substrate access 
to the enzyme would be fully restricted. This can be remedied through the addition of excess 
water, to reduce the concentration of the EMIM-OAc to below its critical micelle 
concentration (CMC). However, evidence provided by Hall et al. indicates that EMIM-OAc 
does not form micelles in water, due to the shortness of the alkyl chain attached to the 
imidazolium ring.^ ^^  ^ Thus, the reduced enzymatic activity observed above was attributed to 
either inhibition of the redox active site (i.e. the T2/T3 Cu tri-nuclear centre) or even 
complete protein dénaturation.
Park et al. (2003) suggested that the incompatibility is due to the high hydrogen-bond 
basicity of the RTIL anion, as it interferes with the internal hydrogen bonds of the enzyme.^^  ^
However, Thomas et al. (2011) reported that an excellent enzyme activity was maintained in 
EMIM-OAc for several different enzymes (xylanases, glucosidases and 
arabinofuranosidases),^"^^ so it is possible that the effect of EMIM-OAc relates to an integral 
part of the enzymes protein structure, unique to MCOs or even BOD itself.
It is clear from the evidence that this methodology for electrode fabrication cannot be 
directly applied to BOD. EMIM-OAc is an unsuitable cellulose solvent due to the 
subsequent effects that it has on the enzyme’s activity. A detailed investigation as to 
specifically how the RTIL affects BOD is beyond the scope of this project. As EMIM-OAc 
is only used as a cellulose solvent and is not a critical component of the final BOD cathode, 
it was hypothesised that this electrode architecture could still be utilised if an alternative 
BOD-compatible cellulose solvent was identified.
4.4 Investigation of Alternative Ionic Liquids
Alternative RTILs were sought to find a solvent that both maintains full enzyme activity and 
dissolves 3.0 % cellulose. At the time of this work, investigations into the effects of various 
RTILs on BOD had not been published, although there was substantial literature available 
detailing the effects on other MCOs. Considering the similarity within the protein folding of 
the MCOs, it was deemed logical that the behaviour of different RTILs towards the whole 
enzyme family would also be similar. Dominguez et al. showed that the RTIL 1-ethyl-3-
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methylimidazolium ethyl sulfate (EMIM-EtS04) has been shown to enhance the stability of 
the laccase enzyme from Trametes versicolor
Compared to BOD activity, research into the use of RTILs as cellulose solvents is far more 
extensiveJ^ It has been reported that due to the highly ordered crystalline structure of 
ce llu lo se ,th e  RTIL anions need to have high hydrogen-bond basicity to facilitate cellulose 
dissolution/  ^ However, despite the wide variety of RTILs available on the market, the 
majority that contain highly electronegative anions are acetate or halogen-based which, as 
discussed above, are reported to decrease MCO activity. The RTILs 1-ethyl-3- 
methylimidazolium diethyl phosphate (EMIM-Et2P04) and 1,3-dimethylimidazolium 
dimethyl phosphate (MMIM-Me2P04), have been shown to dissolve between 12-15 % 
cellulose.^  ^ Additionally, MMIM-Me2P04 has been found to improve the stability of the 
enzyme formate dehydrogenase from Candida boidiniiP^^
As both cellulose dissolution and BOD activity effects can be quickly and easily determined, 
as discussed earlier, all three RTILs were selected for further investigation. Their chemical 
structures are presented in Figure 4.8.
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Figure 4.8. Chemical structures o f the newly identified RTILs, selected for further investigation:
(A) 1-ethyl-3-methylimidazolium ethyl sulfate (EMIM-EtS0 4 )
(B) 1-ethyl-3-methylimidazolium diethyl phosphate (EMIM-Et2 P 0 4 )
(C) 1,3 -dimethylimidazolium dimethyl phosphate (MMIM-Me2 P 0 4 )
4.4.1 Effect of Alternative RTILs on BOD Activity
The effect of the alternate RTILs on BOD activity was determined using the simplified 
method outlined in Section 4.3.3. The first RTIL to be tested was EMIM-EtS04 , the results 
of which are shown in Figure 4.9.
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Figure 4.9. Results o f the ‘pot test’, where BOD was exposed to EMlM-EtSO^ for 0, 1, 10, 30 and 60 
min (samples 3 to 7, respectively), to determine the effect o f the RTIL on BOD activity towards 
bilirubin. Control sample 1: only RTIL/bilirubin, control sample 2: only BOD/bilirubin. Photograph 
was taken immediately after the BOD/bilirubin control decolourised. Any effect on enzyme activity is 
reflected by a lingering presence of colour in the sample pot, when the photograph was taken.
When BOD was exposed to EMIM-EtS04 for less than 10 min, its activity was not affected, 
indicated by a lack of colour in samples 3-5. Although, unlike with EMIM-OAc, exposure 
of BOD to EMIM-EtS04 is time sensitive. Samples 6 and 7, where BOD was exposed to the 
RTIL for 30 and 60 min, respectively; took longer to decolourise and were still green/grey 
(darker pigmentation seen in the photo is due to lighting during photo shoot and printer 
settings). The green/grey pigmentation is due to the presence of biliverdin, one of the 
products of the reaction between BOD and bilirubin. Therefore, if EMIM-EtS04 , was 
selected as a cellulose solvent the method of electrode manufacture would need to be altered 
to reduce the exposure time of the BOD to the RTIL to a maximum of 10 min. Taking this 
into consideration, testing of the other alternative RTILs on BOD activity was limited to a 
single sample of 10 min exposure. Thus, the other ionic liquids, EMIM-Et2P04  and MMIM- 
Mc2P04 , were tested simultaneously. Results for both EMIM-Et2P04  and MMIM-Me2P04 
are shown in Figure 4.10.
2
Figure 4.10. Results o f the ‘pot test’, where BOD was exposed to EMlM-Et2 P0 4  and MMIM- 
Me2 P0 4  for 10 min (samples 3 and 4, respectively), to determine the effect o f the RTILs on BOD 
activity towards bilirubin. Control sample 1: only RTIL/bilirubin, control sample 2: only 
BOD/bilirubin. Photograph was taken immediately after the BOD/bilirubin control decolourised. 
Any effect on enzyme activity is reflected by a lingering presence of colour in the sample pot, when 
the photograph was taken.
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Even though MMIM-Me2P04 is detailed as being co rro s iv e ,n e ith e r RTIL was seen to 
affect BOD activity after 10 min of exposure. With encouraging results from all alternative 
RTILs, all three were carried forward and trialled with respect to cellulose solubility.
4.4.2 Solubility of Cellulose in Alternative RTILs
The solubility of cellulose in the three alternative RTILs was determined by mixing 3.0 % 
cellulose in the respective RTIL, sonicating the mixture using a sonic horn for 1 minute and 
visually inspecting the optical clarity of the resulting solution. The RTILs were stored at all 
times in a desiccator over CaCb, to ensure that the RTILs were minimally exposed to 
atmospheric moisture, as when using non-dried RTIls, the solubility of cellulose would be 
reduced, leading to false negative results.^^  ^ The resulting solutions of the three different 
RTILs are shown in Figure 4.11. The difference in colour of the solutions arises from the 
natural colours of the different RTILs.
Figure 4.11 shows that cellulose is not soluble in LMIM-LtS04 at a concentration of 3.0 % 
by mass, as the resulting solution was not optically clear, indicating that either solution 
saturation had been reached or that a cellulose-RTIL dispersion had formed instead. 
However, LMIM-Lt2P04 and MMIM-Mc2P04 did both dissolve the cellulose as the resulting 
solutions were both optically clear.
m m m A: EMIM-Et2P04 
B: MMIM-Me2P04 
C: EMIM-EtSO.
Figure 4.11. Ability of the RTILs EMIM-Et2 P 0 4  (A), MMIM-Me2 ? 0 4  (B) and EMIM-EtS0 4  (C) to 
dissolve 3.0 % cellulose (% by mass). Successful dissolution is reflected by optical clarity.
Further to the results of the RTILs vs. cellulose solubility and BOD activity, the RTILs 
LMIM-Lt2P04 and MMIM-Mc2P04 were deemed potentially suitable replacements for the 
LMIM-OAc in the electrode fabrication methodology (Section 4.3).
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4.5 Three-layer BOD Cathodes with Alternative Ionic Liquids
The alternative RTILs that passed the dissolution and BOD activity screenings were used to 
manufacture three-layer BOD cathodes, using the same methodology of electrode fabrication 
as outlined in Section 4.3, replacing only EMIM-OAc with the new RTILs. CVs of these 
new BOD cathodes under air- and nitrogen- purged electrolyte and are presented in Figures 
4.12 (EMIM-Et2P04) and 4.13 (MMIM-Me2P04). A comparison between the performance 
under aerobic conditions of the electrodes manufactured from all three RTILs (EMIM-OAc, 
EMIM-EtS04 and MMIM-Mc2P04) is shown in Figure 4.14.
Unexpectedly, the presence of the capping layer formed from both new RTILs is still 
detrimental to the performance of the BOD cathodes, compared to the current density 
attained when no capping layer is applied (Figure 4.12 and 4.13). Electrodes made with 
MMIM-Mc2P04 show no difference between the current densities attained under air or N2 (g). 
Electrodes made from EMIM-Et2P04 show a difference in average current density (between 
air and nitrogen purged electrolyte) of 2.04 pA cm'^ at 0.30 V vs. AgjAgCl, which as 
discussed previously can be attributed to the ORR reaction.
10.0-
0.0-
>■
c(Uo
- 10 . 0 -
c
g
3-layer Cathode
- 2 0 . 0 - NoL3U
-30 .0
0.80.2 0.3 0 .4 0 .5 0.6 0 .70.1
P otential /  V (vs. AglAgCI)
Figure 4.12. CVs o f three-layer BOD cathodes containing EMIM-Et2 P0 4 , vs. BOD cathodes with no 
RTIL-containing For all electrodes: Lbase = 20 layers of 10.0 pL in H2 O, Lbod = 10.0 pL o f 10 
mg cm'^ in H2 O and Leap 10.0 pL of 0.1 % MWCNTs and 3.0 % cellulose in RTIL. CVs were run at 
10 mV s'* in air (solid line) and nitrogen (dashed line) purged pH 5.0 sodium citrate buffer. Data 
shown are averaged, where n > 3. Current densities were normalised using the geometric surface area 
of the GC electrode (0.071 cm^).
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Figure 4.13. CVs of three-layer BOD cathodes containing MMIM-Me2PÜ4, vs. BOD cathodes with 
no RTIL-containing Leap- For all electrodes: Lbase = 20 layers of 10.0 |iL in H^O, Lbod = 10.0 gL of 10 
mg cm'  ^ in HoO and Leap = 10.0 jiL of 0.1 % MWCNTs and 3.0 % cellulose in RTIL. CVs were run at 
10 mV s’' in air (solid line) and nitrogen (dashed line) purged pH 5.0 sodium citrate buffer. Data 
shown are averaged, where n > 3. Current densities were normalised using the geometric surface area 
of the GC electrode (0.071 cm^).
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Figure 4.14. CVs of three-layer BOD cathodes containing EMIM-OAc, EMlM-Et^PO^ or MMIM- 
Mc2P0 4 . For all electrodes: Lbase = 20 layers of 10.0 pL in H?0, Lbod ^ 10.0 pL of 10 mg cm’^  in H2O 
and Leap = 10.0 pL of 0.1 % MWCNTs and 3.0 % cellulose in RTIL. CVs were run at 10 mV s’’ in air 
purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current densities were 
normalised using the geometric surface area of the GC electrode (0.071 cm“).
However, when eompared against the blank electrode with ‘No Leap’ this current density is 
effectively negligible. It is interesting to note that the capacitive current arising from the use 
of these new RTILs is approximately half of what was previously measured with EMIM-
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OAc manufactured electrodes (Figure 4.14), indicated by the difference in area of the CV 
curve area.
It is difficult to attribute the origin of the tail at high potential to a specific cause. Generally, 
this tail was observed in the CV curves of electrodes with thicker or more viscous electrode 
architectures, leading to the rationale that those electrodes required a longer period of 
conditioning prior to obtaining the true CV measurement (the 3^  ^ scan). However, 
affirmative conclusions cannot be drawn at this stage.
In electrodes that used EMIM-OAc as the Leap cellulose solvent, the base layer of MWCNTs 
was stable enough to prevent the overall electrode architecture from detaching itself from the 
GC surface, which can be problematic since the electrodes are suspended upside down in 
electrolyte buffer during measurement. However, upon closer inspection of the architectures 
of the electrodes formed from the new RTILs, in certain instances the electrode matrix was 
seen to be peeling away from the GC surface. In addition to creating a break in electrical 
contact, this detachment caused BOD to leech away from the electrode surface into the 
surrounding aqueous environment, which was confirmed via the addition of bilirubin to the 
water used to remove the RTIL, which was subsequently seen to decolourise.
It was hypothesised that a rougher base electrode material could aid prevention of the 
electrode matrix from peeling away. Thus, a set of electrodes using a carbon paper support 
were manufactured to confirm this idea.
4.5.1 Replacement of Polished GC Electrode by Carbon Paper
Three-layer BOD cathodes on carbon paper, using both EMIM-Et2P04 and MMIM-Me2P04 
as cellulose solvents/BOD stabilisers, were manufactured using the methodology outlined 
below. CVs of these new three-layer BOD cathodes in air and nitrogen purged electrolyte 
and are presented in Figures 4.15 (EMIM-Et2P04) and 4.16 (MMIM-Mc2P04).
Experimental Methodology: Three-layer BOD Cathodes Manufactured on Carbon Paper
3.0 X 1.0 cm strips o f Toray TGP-60 carbon paper (CP) were cut to the L-shape shown in 
Figure 4.17 to yield a 1.0 cm^ square at one end. In order to limit the electrochemically 
active surface area to 1.0 cm ,^ whilst maintaining the CP’s electrical conductivity, the 
narrowsection o f the CP was dipped into a pot o f melted wax. The three-layer BOD
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cathodes were fabricated using the same methodology as outlined in Section 4.3, but aliquots 
were scaled-up from 10.0 pL to 141.2 pL to account for the larger surface area. A platinum 
flag electrode o f 2 x 2  cm was used as the CE for these larger WEs.
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Figure 4.15. CVs of three-layer BOD cathodes on Toray TGP-60 carbon paper, containing EMIM- 
Et2 P0 4 , vs. BOD cathodes with no RTIL-containing Leap- For all electrodes: Tbase = 20 layers of 
141.2 pL in H2 O, Lbod = 141.2 pL of 10 mg cm'^ in H2 O and Leap = 141.2 pL of 0.1 % MWCNTs and 
3.0 % cellulose in RTIL. CVs were run at 10 mV s’' in air (solid line) and nitrogen (dashed line) 
purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3.
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Figure 4.16. CVs of three-layer BOD cathodes on Toray TGP-60 carbon paper, containing MMIM- 
Et2 PÜ 4 , vs. BOD cathodes with no RTIL-containing Leap. For all electrodes: Lyase 20 layers of 
141.2 pL in H2 O, Lbod ^  141.2 pL of 10 mg cm'^ in H2 O and Leap = 141.2 pL o f 0.1 % MWCNTs and 
3.0 % cellulose in RTIL. CVs were run at 10 mV s'  ^ in air (solid line) and nitrogen (dashed line) 
purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3.
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Figure 4,17. Toray TGP-60 carbon paper (CP) electrodes, cut to an L-shape and coated with wax to 
yield an electrochemically active surface area of 1 . 0  cm ', while maintaining electrical conductivity.
It is quickly apparent that the oxidation and reduction curves in the Figures 4.15 and 4.16 
have crossed over, a shape that is typical of the first scan in a CV measurement, as it is 
during this scan that the electrode is conditioning and enzyme is being activated from its 
oxidised resting state. However, these CV curves were indeed the third scan obtained during 
the CV measurement. Thus, it is possible that these electrodes, be it due to size, thickness 
etc., required a longer period of conditioning.
A BOD-catalysed ORR current is observed for the blank (No Leap) electrode, attaining up 
to -391 pA cm'^ at 0.3 V vs. AgjAgCl. Increased current densities are also observed for the 
full three-layer BOD cathodes with EMlM-Et2P04 and MMlM-Me2P04 , which is explained 
by the increased porosity of the CP electrodes as oxygen ean now also diffuse to the 
electrode active sites from the ‘reverse’ side of the electrode. There is little difference 
between the onset potential of the electrodes with RTlLs in the Leap and those with No Leap, 
which suggests that the catalytic activity of BOD remains unaffected by the RTlLs, as was 
observed in the ‘pot tests’.
However, for both RTlLs, the ‘No Leap’ electrode was seen to be more efficient, with a much 
higher ORR current density. Addition of bilirubin to the water after dissolution of the RTIL 
gave a positive result, implying that BOD was leaching from the electrode with the RTIL. 
This suggests that BOD has a stronger affinity for the RTILs compared to the MWCNT and 
cellulose electrode matrix.
4.6 Sum m ary
RTlLs were investigated for the application as protein stabilisers in three-layer BOD 
cathodes, but the RTIL LMIM-OAc was seen to reduce BOD activity. Similar effects on 
BOD activity were also seen by Kuwahara et al. for BOD immobilised at gold-nanoparticle
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electrodes, where RTILs were utilised as e lec tro ly te s .L im ited  ORR catalysis was only 
achieved after the addition of water to the electrolyte, suggesting RTIL concentration may 
also be a contributing factor. Two other BOD-compatible RTILs were identified, although 
negligible ORR current densities of BOD-cathodes on GC electrodes were still observed. It 
was concluded that BOD has a higher affinity for the RTIL, the excess of which is designed 
to be removed. As a result, the use of protein stabilisers for BOD cathodes was eliminated 
from further investigation, in favour of alternative surfactant-based protein stabilisers.
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5.1 Introduction
This aspect of the research compares the use of different protein stabilising agents in low- 
cost BOD-cathodes with sandwich architectures, using BOD from Myrothecium verrucaria. 
This chapter discusses the employment of non-ionic surfactants (NIS) in BOD-cathodes as 
protein stabilisers.
Surfactants have been used in the development of electrochemical devices to entrap proteins 
in the surfactant bilayer, to arrange proteins into the required orientation and to facilitate 
electron transfer between proteins and electrode, effectively being used as mediators in
Incorporation of surfactants is additionally useful as their presence permits the formation of 
more concentrated MWCNT inks, used to fabricate the cathodes. The technique employed 
by Milton et al. in Chapter 4 is time consuming, as repeated layering of the ink was required 
to achieve a high enough MWCNT loading. Furthermore, enzyme activity is affected by 
constant re-wetting and re-drying so this method can only be applied to modify the GC 
electrode surface.
Chapter Objectives
The objective of the work detailed within this chapter was therefore to:
>  Develop and optimise two BOD-cathodes with sandwich architectures, which 
utilises two different NIS in electrode fabrication.
The NIS selected for investigation were Triton X-100 and Tween 20, whose chemical 
structures are presented in Figures 5.1 and 5.2, respectively.
HsC 
HgC 
HgC HgC CHg
Figure 5.1. Chemical structure of non-ionic surfactant Triton™ X-100, where x = 9-10,^ '^  ^
Average Mr = 625 g mol'\ Critical micelle concentration (CMC) = 0.22-0.24 mmol dm'^ .^ "^ ’
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CH2(CH2)9CH3
Figure 5.2. Chemical structure of non-ionic surfactant Tween® 20, where w, x, y and z = 20. 
Average Mr = 1228 g mol'V^^ Critical micelle concentration (CMC) = 0.05 mmol dm'^.^]
5.2 Three-layer BOD Cathodes with NIS
Miyake et reported a fabrication method for a BOD eathode with a NlS-containing
sandwich architecture, depicted in Figure 5.3. The sandwich architecture was constructed of 
three-layers, which for clarity will be referred to as the base layer (Lbase), BOD layer (Lbod) 
and capping layer (Leap).
%
C O O H -M W C N Ts w ith  NIS 
’ C 3  p  4 0 uL o f 10.0 mg cm'^ MWCNTs in with 0.5%  Triton X-100, then dried
BOD
'BOD 0.1 cm^ of 5 mg cm'  ^in H^O, then dried
C O O H -M W C N Ts
’ b S  SG 4 0 u L o f 10.0 m g cm'  ^MWCNTs in with 0.5 % Triton X-100, then dried
and washed in ethanol to remove the NIS
Carbon Fabric
5 x 5  mm strip (0.3 mm thickness), TCC-3250from Toho Tenax Co.
Figure 5.3. Schematic o f the three-layer BOD cathode architecture as reported by Miyake et al}^^ 
consisting o f a Lyase of MWCNT, followed by an adsorbed layer o f BOD and then a Leap manufactured 
from a 10.0 mg cm'^ dispersion of MWCNT in HiO with 0.5 % v/v Triton X-100. This method was 
selected to replace the three-layer architecture presented in Chapter 4, but was tailored to make it 
suitable for application onto a GC electrode.
The purpose of the base layer in the electrode architecture is threefold: firstly, it increases the 
surface area of the otherwise flat GC electrode surface,^’®^ secondly it facilitates the 
immobilisation of BOD through adsorption and lastly GOGH groups present on the surface
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of the oxidised MWCNTs are believed to encourage optimal orientation of the enzyme for 
De t .P^  ^ The MWCNTs used within this chapter were oxidised via chemical treatment 
according to the method described in Section 4.2. The purpose of using nanomaterials in 
enzymatic electrodes to increase surface area is discussed in greater depth in Section 1.6. 
The purpose of the capping layer in the sandwich architecture is to immobilise the BOD 
within the electrically conductive MWCNT layers, whilst not inhibiting or hindering the 
access of oxygen to the enzyme.
The electrode architecture consisted of a Lbase of MWCNT, followed by an adsorbed layer of 
BOD and then a final Leap that was manufactured from a 10.0 mg cm'^ dispersion of oxidised 
MWCNTs in H2O with 0.5 % v/v Triton X-100 surfactant. This method was selected for use 
as an alternative starting point for BOD electrode development. However, as Miyake et 
constructed the electrode on carbon cloth, some of the properties of the individual layers 
needed consideration and tailoring in order to make them suitable for application onto a GC 
electrode. The next three sections elaborate upon the composition/construction of each 
individual layer of the final electrode.
5.2.1 Development of the MWCNT Dispersions for a GC Electrode
Prior to any electrochemical testing, the MWCNT/H2O/NIS dispersion (the ‘ink’) used to 
create the capping layer was fabricated and tested for homogeneity, as described below. 
Initially, preliminary tests were conducted using Triton X-100, as this was the surfactant 
utilised in the methodology by Miyake et alP^
Experimental Methodology: Formation of MWCNT/H2O/Triton X-100 Ink
0.5 cm^ o f Triton X-100 was dissolved via sonication in 100 cm^ o f H2O to create a stock 
solution o f 0.5 % v/v Triton X-100 in H2O. 10.0 mg o f oxidised MWCNT (as described in 
Section 4.2) and 1.0 cm^ o f the surfactant stock solution were combined and dispersed using 
a sonic horn, at a frequency o f 15 kHz for 30 s bursts, totalling 2 min (with 30 min in- 
between bursts to regulate the solution temperature and allow froth to settle). Homogeneity 
o f the dispersion was tested by applying droplet quantities o f the ‘ink’ on to an ethanol 
cleaned glass microscope slide, allowing them to dry, followed by an inspection o f the 
resulting films to check fo r agglomerates visible to the naked eye.
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Additionally, the properties of the ink needed careful consideration and tailoring. 
Miyake et al. applied their dispersion to a carbon cloth electrode,^^  ^whereas the ink produced 
within this section was for application onto a GC electrode. The spread of the solution on the 
polished surface needs to be sufficient to produce a thin layer, but simultaneously not too 
high to protrude outside the active area of the electrode. This is also influenced by the 
quantity of ink applied; several application droplet volumes (10.0, 5.0 and 2.5 pL) were 
trialled. Results were recorded photographically and are presented in Figure 5.4.
10.0  mg cm ^ 5.0  mg cm ^
1 ' ' " " I  
3  4
10 .0  pL 5.0  pL 2 .5  pL 10.0  pL 5.0 pL 2.5  pL
•  •  
• • #  #  #
• •
m
1
Figure 5.4. Results from homogeneity testing. Photographic images o f 10.0 and 5.0 mg cm"’ 
MWCNT in H 2 O inks containing 0.5 % v/v Triton X-100, with droplet volumes of 10.0, 5.0 and 2.5 
pL. Droplet quantities of the inks were applied to a glass microscopic slide, dried and then visually 
inspected. If  no agglomerates were visible to the naked eye the dispersions were considered to be 
homogeneous and acceptable for use.
Droplet quantities of the inks were applied using a pipette to a glass microscopic slide, dried 
under vacuum (in a vacuum desiccator) and then inspected visually. If no agglomerates were 
visible to the naked eye the dispersions were considered to be homogeneous and acceptable 
for use. Figure 5.4 shows that replication of the MWCNT dispersion at the published 
concentration ( 10.0 mg cm"’) was unattainable, due to repeated agglomeration of the 
MWCNTs. Taking into consideration the previous concentrations of MWCNTs and/or 
Super P that had been used in this work (approximately 5.66 mg cm'^), a dispersion of 10.0 
mg cm'^, as reported by M iy a k e , w a s  deemed too high, so the concentration of MWCNTs 
was halved. This resulted in a good 5.0 mg cm"^  dispersion.
Droplets of 10.0 and 5.0 pL were found to exceed a final diameter of 3 mm, which is the size 
of the GC electrode surface, while droplets of 2.5 pL rarely exceeded the active GC 
boundary. Thus, a 5.0 mg cm'^ dispersion of MWCNTs in H2O with 0.5 % v/v Triton X-100
729
Development and Optimisation o f  BOD Cathodes with Surfactants | Ch. 5
was selected as the ink that was subsequently used to manufacture the capping layer. The 
optimum droplet volume with which to apply the ink was thus determined to be 2.5 pL.
5.2.2 Development o f  the BOD Layer fo r  a GC Electrode
Whilst attempting to produce some preliminary electrodes (to ‘fine tune’ the technique), it 
was observed that the existing volume of the BOD aliquot, which is applied as the middle 
layer in the sandwich architecture, created inconsistencies in the structural composition of 
the surfactant-containing BOD-cathodes. How the surface area of nanomaterials relates to 
enzyme loading was discussed in Section 1.6 , but further to this it is also important to ensure 
good contact between the nanomaterial and the enzyme during manufacture, to maximise 
adsorption. According to the existing methodology, the 10.0 pL of 10.0 mg cm'^ BOD in 
H2O is applied in one step. In the majority of circumstances, the surface tension of the 
aqueous enzyme solution was sufficient to maintain a bubble of liquid on top of the base 
layer of MWCNTs, which would form a thin film of BOD on top of the MWCNTs as it 
dried. However, in instances where the underlying carbon nanomaterial contained 
surfactant, the surface tension of the droplet is reduced causing the solution to spread beyond 
the perimeter of the MWCNTs layer. Consequently, the positioning of the BOD thin film 
varied between electrode repeats and thus the true quantity of BOD that was immobilised on 
the carbon nanomaterial could be below 0.1 mg, which would result in a large error for each 
replicate set.
One solution to this variability could be to repeatedly deposit several smaller aliquots of the 
BOD solution, interweaving a drying stage between each deposit, but, as previously 
highlighted, repeated wetting and drying of the enzyme is known to reduce the enzymatic 
activity^^^  ^and this was therefore not trialled. Alternatively, the concentration of the BOD 
solution could be increased resulting in the use of a single, smaller aliquot. The optimal 
aliquot volume was determined by prototyping BOD cathodes (according to the architecture 
in Figure 5.3) using aliquot volumes of 2.5, 5.0, 7.5 and 10.0 pL, with the concentrations of 
the enzyme solutions increased accordingly so as to maintain the quantity of BOD applied to 
the electrode surface at 0.1 mg. The BOD/H2O concentrations were therefore 40.0, 20.0,
13.3 and 10.0 mg cm'^, respectively.
As this optimisation pertained to the structural composition of the electrodes and was not 
directly related to the properties of the surfactants, the trials were only conducted using only 
one surfactant, Triton X-100. Furthermore, as analysis was based on the error of each set of
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replicates, the sample population was set to « = 8 to obtain statistically significant results. 
The average current densities at 0.30 V vs. AgjAgCl of the CV data are presented in 
Figure 5.5.
-65 n
-70-
-75-m
-80-
>
-85-
-90-
-95
0.0 2.5 5.0 7.5 10.03
BOD A liquot V olum e /  pL
Figure 5.5. Current densities at 0.3 V vs. AgjAgCl of CVs in air and nitrogen purged electrolyte of 
three-layer BOD cathodes with varying Lbod aliquot volumes (2.5-10.0 pL). Enzyme solution 
concentrations were tailored to maintain 0.1 mg of BOD, independent o f aliquot volume. For all 
electrodes: Lbase and L^p = 2.5 pL of 5.0 mg cm'^ MWCNTs in H 2 O with 0.5 % v/v Triton X-100. Data 
shown are averaged, n = 8 . Current densities were normalised using the geometric surface area of the 
GC electrode (0.071 cm“).
Aliquots of 7.5 pL were still observed to be oversized during the electrode manufacturing 
stage, although 2.5 and 5.0 pL looked visibly acceptable. Figure 5.5 shows that the optimal 
aliquot was determined to be 2.5 pL (of 40.0 mg cm'^ BOD in water), as electrodes 
manufactured with this aliquot volume showed the smallest variance (-79 pA ± 3 cm'^) 
compared to all other electrodes/aliquot volumes.
5.2.3 Development o f the Base Layer fo r  a GC Electrode
Considering the architecture that was used in Chapter 4, as well as the architecture reported 
by Miyake et 0.1.!^ ^ it was apparent that there were several base layer systems that could be 
employed, namely:
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> No Surfactant (A)
The base layer of the previously used sandwich architecture (Section 4.3) that 
consists of adsorbing 20 10.0 pL aliquots of 0.1 mg cm'^ MWCNTs in H2O onto the 
GC surface, with a drying stage between application of each aliquot (as described 
in Section 5.2.1). The lack of surfactant means the surface tension of the water 
sustains a droplet that does not protrude beyond the GC area, thus in this instance the 
larger aliquot volume is tolerable.
>  Surfactant Removed (B)
Miyake et a l also used the 10.0 mg cm'^ MWCNT/water/Triton X-100 dispersion 
(created and tested for homogeneity above) to manufacture the base layer in their 
el ec trode ,bu t  removed the surfactant from this layer prior to application of the 
BOD layer through dissolution in ethanol. The presence of the surfactant permits for 
an increase in the quantity of MWCNTs that will homogeneously disperse in the 
water and thus can be tailored so that only a single aliquot of ink needs to be applied, 
drastically reducing the time required to manufacture the base layer, compared to the 
‘no surfactant’ method described above. The 5.0 mg cm'^ dispersion was used in 
place of the inhomogeneous 10.0 mg cm'^ dispersion.
>  Surfactant Retained (C)
As Miyake et a l did not specify why the surfactant was removed, a third base 
layer was devised in which the surfactant was retained, in order to show what effect 
leaving the surfactant in the base layer would have on the overall performance. 
Again, the 5.0 mg cm'^ MW CNT/water/T riton X-100 dispersion was used in place of 
the inhomogeneous 10.0 mg cm'^ ink.
In order to determine which of the three base layer systems would be best for a BOD cathode 
constructed on a GC electrode, three different electrode architectures were produced and 
electrochemically tested, with each one employing one of the three different base layer 
systems.
Figure 5.6 presents a schematic representation of these different three-layer architectures 
with (A) no surfactant in the base layer, (B) surfactant removed from the base layer and (C) 
surfactant retained in the base layer. It should be noted that the MWCNT loading of (B) and
(C) is higher than (A), although as this was a preliminary comparison of the different 
architectural methods, it was not considered a concern.
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12.5  fig M W C N Ts w ith  NIS
' C a p  2 . 5 of  5.0 mg cm'^MWCNTs in with 0.5%  Triton X-100
I 0 .1  mg BOD
BO D 2 .5 li t  o f 40.0 mg cm'  ^in then dried
(A): = 2 .0 gg MWCNTS in no NIS
b a S 6  (B): 12 .5gg MWCNTs in NIS is afterwards rem oved
(C): 12.5 gg  MWCNTs in with NIS
Polished GC Electrode
Figure 5.6. Schematic representation of the three electrode architectures trialled to determine the 
optimum L^ ase system for construction of a three-layer BOD cathode on a GC electrode surface, to be 
taken forward for further optimisation. Architectures consisted of the same L^p and Lbod, but 
different Lbase systems: (A) no surfactant in the base layer, (B) surfactant removed from the base layer 
and (C) surfactant retained in the base layer.
Experimental Methodology: three-layer BOD Cathodes with Non-Ionic Surfactants 
b^ase (A): 0.5 mg of oxidised MWCNTs were briefly sonicated in 5.0 cm ' of water and the resultant partial dispersion was left overnight to settle. Once separated, a 10.0 pL aliquot of the MWCNT dispersion was applied to a pre-cleaned GC electrode and left to dry under vacuum. This was repeated until a total of 20 MWCNT layers were applied to the GC surface,^to form Lbase (A).
Lbase (B): 2.5 pL of the 5.0 mg cnfl MWCNT/H2O dispersion with 0.5 % w Triton X-IOO was applied as a single aliquot to the GC electrode surface. Once dry, the electrode was immersed in a solution of ethanol and agitated for 30 min to remove the Triton X-100, as per the method by Miyake et al. forming Lyase (B). 
Lbase (C): 2.5 pL of the 5.0 mg cnfl MWCNT/H2O dispersion with 0.5 % w Triton X-100 was applied as a single aliquot to the GC electrode surface and allowed to dry, 
Lbase (Q-Subsequently, a 2.5 pL aliquot of BOD dissolved in water (at a concentration of40.0 mgcnC, unless stated otherwise) was applied to the GC-Lyase surface and dried under vacuum at 4.0'’C, forming L b o d -  The final capping layer, Leap, applied as a 2.5 pL aliquot of the 5.0 mg cnC MWCNT/H2O dispersion with 0.5 % Triton X-100 and dried.
The different electrode types were fabricated as outlined above and were tested using CV. 
Results from the CVs performed in air and N?(g) purged electrolyte are shown in Figure 5.7, 
with the average current density at 0.30 V vs. AgjAgCl of the CV data presented as an inset 
graph.
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Figure 5.7. CVs of the three electrode architectures trialled to determine the optimum Lbase system for 
construction of a three-layer BOD cathode on a GC electrode surface. Architectures consisted o f the 
same Leap and Lbod, but different Lbase systems: (A) no surfactant in Lbase, (B) surfactant removed from 
Lbase and (C) surfactant retained in Lbase- CVs were run at 10 mV s'' in air (solid line) or nitrogen 
purged (dashed line) pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current 
densities were normalised using the geometric surface area o f the GC electrode (0.071 cm^).
An ORR current, with an onset potential of 0.6 V vs. AgjAgCl, is seen for all three 
differently assembled architectural systems (Figure 5.7). As previously discussed in Section 
2.2.2, a sharp change in gradient of the CV curve followed by the formation of a plateau is 
attributed to when the ORR current becomes diffusion limited. In the instance when no 
diffusion-limited ORR current is observed, it suggests that the electrode architecture has 
either affected BOD’s catalytic activity, failed to immobilise the enzyme or is not effectively 
facilitating DET with all of the immobilised enzyme. Although the CV curves in Figure 5.7 
show a change in gradient, the current is still increasing (albeit slowly) and therefore no 
diffusion-limited ORR current is observed for any of the three electrode architectures (A),
(B) or (C). Thus, at this point, it was deemed that all of the architectures caused a reduction 
in the rate of electron transfer to below the rate of O? diffusion, for the reasons outlined 
above. However, as the architectures had not been optimised at this stage, it was not 
considered to be an issue.
It is also interesting to note the lack of difference in the shape of the CV curves and the 
current densities between the electrodes where no surfactant was used in the base layer (A)
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and where it was removed (B), (i.e. where the resulting base layers contain differing 
quantities of MWCNTs). This implies that varying the quantity of MWCNTs between the 
GC electrode and the BOD has no effect on the resulting current density and ORR 
mechanism. Thus, the conductivity of the MWCNTs is not likely to be the rate-limiting 
component in the electrode architectures.
It should be noted that in the electrodes where the surfactant in the base layer was retained
(C), an increase in the capacitive current of the electrode is observed compared to when no 
surfactant is used in the base layer (A) or when the surfactant is removed before the 
application of BOD (B). The area of a CV curve is related to the capacitance of an electrode, 
which in turn is related to the electrochemically active surface area. It could, therefore, be 
inferred that retention of NIS in Lbase results in an increased electrochemically active surface 
area. However, without further information, it is not possible to firmly conclude why this is 
created as, for example, it is not known whether the surfactant remains in the electrode 
matrix once in contact with the electrolyte.
Even with the increased capacitive current, the average current density at 0.3 V vs. AgjAgCl 
of electrodes with surfactant retained in the base layer (C) before application of BOD 
(-70 pA cm'^) is still substantially higher compared to electrodes where the surfactant is not 
added (A) (-56 pA cm'^) or is removed before BOD is applied (B) (-45 p.A cm'^). The 
surfactant is not likely to remain within the electrode matrix once in contact with the aqueous 
electrolyte, so the benefit of its presence must relate to the fabrication stage. With the NIS 
present, the MWCNTs will be arranged with a more open/accessible network, so when BOD 
is applied it the enzyme can ‘nestle’ between the MWCNT to a greater extent, increasing the 
extent to which it is immobilised, and possibly also improve DET. Removal of the NIS 
before the addition of BOD could cause the MWCNT structure to become closed, so BOD 
would predominantly be adsorbed only onto the surface of the MWCNT layer.
In conclusion, trials of the three architectural systems have shown that retention of the 
surfactant in the base layer prior to BOD adsorption (system ‘C’, Figure 5.6) results in the 
largest ultimate ORR current densities. This architecture was consequently selected for 
further development and optimisation.
BOD cathodes manufactured in the experiments described in previous chapters have always 
incorporated a binder (such as cellulose or PTFE), to improve the adhesion strength between 
the electrode matrix and the GC current collector. '^'^  ^ Interestingly, the majority of literature
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that reports the use of surfactants and MWCNTs in enzymatic electrodes rarely incorporates 
a binder into the electrode matrix.^^ '^^^  ^ Thus at this point, consideration to the incorporation 
of a binder was halted and would have been reconsidered if further experimental 
results/observations had indicated that a binder was required.
5.3 Optimisation o f the Electrode Architecture
For the purpose of this work, an ‘optimal’ electrode performance refers to the largest current 
density that arises from the BOD-catalysed ORR (i.e. the difference between the current 
densities achieved under air and nitrogen). As peaks in a BOD-catalysed ORR CV are 
difficult to distinguish (in some instances not at all visible), the potential at which the above 
comparison was made was set to 0.3 V vs. AgjAgCl i.e. the most reductive potential where 
current density could be calculated to remove the capacitive current.
The electrode architecture (system ‘C’, Figure 5.6) was subsequently optimised by 
investigating the following variables:
>  MWCNT loading in the capping layer
>  Surfactant concentration in the capping layer
>  MWCNT loading in the base layer
>  Surfactant concentration in the base layer
In turn, each variable was individually investigated whilst all others were held constant. 
This yielded unique sets of electrodes that were tested with CV, to determine the optimal 
concentration or loading of each material.
Matrix-based experimental designs were not employed due to the magnitude of the standard 
deviation that was observed during preliminary investigations between electrodes that were 
supposedly the same. The large variances for each variable means that larger population 
groups were required in order for any trends identified in the data to be more statistically 
significant.
5.3.1 Optimisation o f  M WCNT Loading in the Capping Layer
The first variable that was investigated was the loading of MWCNTs in the capping layer. 
The purpose of the capping layer in the sandwich architecture is to immobilise the BOD
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within the electrically conductive MWCNT layers, while not inhibiting or hindering the
access of oxygen to the e n z y m e . I f  the loading of MWCNTs is too low the entrapment 
may be inefficient. Conversely if the loading is too high the porosity of the capping layer to 
the oxygen substrate may be affected, creating a diffusion-controlled rate-limiting step in the 
ORR mechanism.
The loading of the MWCNTs was altered by varying the concentrations in the
M W CNT/water/T riton X-100 dispersion, to maintain the use of only a single 2.5 pL aliquot
of the ink to create the capping layer. The only dispersions to have been manufactured and 
tested for homogeneity in this study were 5.0 and 10.0 mg cm'^ of MWCNTs in water with 
0.5 % v/v Triton X-100. Therefore, all remaining dispersion concentrations (for both 
surfactants) had to be first manufactured and tested for homogeneity, using the glass-slide- 
droplet method, prior to electrode fabrication and electrochemical testing.
Homogeneity o f MWCNT/H2O Dispersions o f Various Concentrations
Following the method outlined in section 5.2.1, ten different dispersions with concentrations 
from 1.0 to 10.0 mg cm'^ MWCNTs in H2O with 0.5 % v/v Triton X-100 or Tween 20 were 
manufactured and tested for their homogeneity using the glass-slide-droplet method. Results 
were recorded photographically and are presented in Figure 5.8 and Figure 5.9 for 
dispersions containing Triton X-100 and Tween 20, respectively.
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F igure 5.8. Results from homogeneity testing. Photographic images of 1-10.0 mg cm"‘^ MWCNT in 
H2 O inks containing 0.5 % v/v Triton X-100, with a droplet volume of 2.5 pL. Droplet quantities of 
the inks were applied to a glass microscopic slide, dried and then visually inspected. If no 
agglomerates were visible to the naked eye the dispersions were considered to be homogeneous and 
acceptable for use.
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As previously reported in section 5.2.1, 0.5 % v/v Triton X-100 homogeneously disperses
5.0 mg of MWCNTs in 1.0 cm'^ of water, but dispersions of 10.0 mg em'^ were 
agglomerated. Further to those findings, the above results show that 0.5 % v/v Triton X-100 
can homogeneously dispersed up to and including 7.0 mg cm'^ MWCNTs in water. 
(Dispersions are eonsidered to be homogeneous if no agglomerates were visible to the naked 
eye.) In contrast, even after extended sonication, 0.5 % v/v Tween 20 could only disperse up 
to and ineluding 6.0 mg cm'^ MWCNTs in water.
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0 0 # fQ # # •
e 0 # e e■ ' " n  rnr- J  rnr-r- 
1 2
' ' ' 1 '
4
' 1
5 6
6.0 7.0 8.0 9.0 10.0
#
#
#
e
#
#
#
#
e
#
#
“F '^ n
5  6
Figure 5.9. Results from homogeneity testing. Photographic images of 1-10.0 mg cm"' MWCNT in 
HiO inks containing 0.5 % v/v Tween 20, with a droplet volume of 2.5 pL. Droplet quantities o f the 
inks were applied to a glass microscopic slide, dried and then visually inspected. If  no agglomerates 
were visible to the naked eye the dispersions were considered to be homogeneous and acceptable for 
use.
The acceptable Triton X-100 and Tween 20 dispersions were subsequently used to 
manufacture three-layer BOD cathodes (using the methodology outlined in section 5.2.3, 
replacing Triton X-100 for Tween 20 where applicable) with varying Leap MWCNT loadings 
(2.5-17.5 pg). Leap MWCNT loading was varied via concentration of the MWCNT/H2O/O.5
% v/v Triton X-100 dispersions used to manufacture Leap, as outlined in Table 5.1.
Table 5.1. Absolute MWCNT loadings in Lbase and Leap vs. concentration of MWCNT/HiO 
dispersions, when utilising 2.5 pL aliquots.
Dispersion concentration 
/ mg cm'^
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Absolute MWCNT Loading 
/p g
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
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For all electrodes in this optimisation, Lbase = 2.5 pL of 5.0 mg cm'^ MWCNTs in H2O with 
0.5 % v/v Triton X-100 and Lbod = 2.5 pL of 40.0 mg cm'^. The electrodes were tested 
electrochemically using CV, in both air and N2 (g) purged electrolyte.
Optimisation o f Leap MWCNT Loading with Triton X-100 Surfactant
Results from the CVs performed in air- and N2(g)- purged electrolyte are shown in Figure 
5.10. The average current densities at 0.30 V vs. AgjAgCl of the different capping layer 
MWCNT loadings are presented in Figure 5.11.
An ORR current is observed for the whole range of Leap MWCNT loadings, although the 
onset potential is only clearly defined in electrodes with Leap MWCNT loadings of 
7.5-17.5 pg (Figure 5.10). The onset potential at 0.6 V vs. AgjAgCl of the ORR current does 
not shift with the varying loadings, although the intensity of the faradaic ORR current is 
higher with higher loadings of Leap MWCNTs. This observation can be attributed to two 
factors. Firstly due to better retention of the BOD through improved entrapment with more 
MWCNTs. Secondly, in the base layer, MWCNTs are primarily used as current collectors to 
facilitate DET with BOD and it is likely that this property is also utilised in the capping 
layer. Increasing the MWCNTs in the capping layer thus increases the amount of BOD that 
accomplishes DET with the MWCNTs, which could explain why more MWCNTs results in 
a larger current density.
No diffusion-limited current is observed for any of the electrodes; indicating that the rate of 
electron transfer and/or ORR are do not exceed the the rate of oxygen diffusion for these 
electrode architectures. This could be attributed to several factors: capping layers with lower 
MWCNT loadings may be inefficient at retaining BOD within the electrodes, thus the rate of 
ORR will be comparatively slower due to a decreased quantity of active catalyst in the 
electrode matrix. Or, it could equally be that increased loadings of MWCNT in the capping 
layer hinder the mass transport of oxygen to the enzyme.
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Figure 5.10. CVs of three-layer electrodes with varying Leap MWCNT loadings (2.5-17.5 |ig), to 
determine the optimal Leap MWCNT loading for a three-layer BOD cathode with Triton X-100 on a 
GC electrode surface. For all electrodes: Lyase = 2.5 |iL of 5.0 mg cm'^ MWCNTs in HoO with 0.5 % 
v/v Triton X-100 and Lbod= 2.5 pL of 40.0 mg cm'^. CVs were run at 10 mV s'' in air (solid line) or 
nitrogen purged (dashed line) pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. 
Current densities were normalised using the geometric surface area of the GC electrode (0.071 cm“).
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Figure 5.11. Current densities at 0.3 V vs. Ag|AgCl of CVs in air- and nitrogen-purged electrolyte of 
three-layer electrodes with varying leap MWCNT loadings (2.5-17.5 pg) manufactured with Triton X- 
100, (Figure 5.10). For all electrodes: Abase = 2.5 pL of 5.0 mg cm'  ^MWCNTs in H2O with 0.5 % v/v 
Triton X-100 and Lbod 2.5 pL of 40.0 mg cm' .^ Data shown are averaged, n > 3. Current densities 
were normalised using the geometric surface area of the GC electrode (0.071 cm )^.
The average current density at 0.30 V vs. Ag|AgCl of the different MWCNT loadings are 
presented in Figure 5.11. Under N] (g), a linear regression with a gradient of -0.03 ± 0.01 mg 
(P = 0.969) indicates that increasing MWCNT loading in the capping layer does not increase 
the electrocatalytic activity of the electrode components (i.e. the capacitive current). Under 
air, a linear regression with a value of 0.91 (P = 0.008) shows that the faradaic ORR 
current density is proportionally related to the MWCNT loading in the capping layer 
between 2.5-12.5 pg, beyond which the current response plateaus with increasing loading 
(up to 17.5 pg). Additional MWCNTs beyond 12.5 pg do not provide any increase to the 
current density. The optimal MWCNT loading for the capping layer was concluded to be
12.5 pg.
Optimisation o f Leap MWCNT Loading with Tween 20 Surfactant
Results from the CVs performed in air and N?(g) purged electrolyte are shown in Figure 5.12. 
The average current density at 0.30 V taken from the CV curves is presented in Figure 5.13.
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Figure 5.12. CVs of three-layer electrodes with varying L^ ap MWCNT loadings (2.5-15.0 gg), to 
determine the optimal leap MWCNT loading for a three-layer BOD cathode with Tween 20 on a GC 
electrode surface. For all electrodes; Lbase ^  2.5 pL of 5.0 mg cm'" MWCNTs in H2 O with 0.5 % v/v 
Tween 20 and Lbod = 2.5 pL of 40.0 mg cm'^. CVs were run at 10 mV s'' in air (solid line) or 
nitrogen purged (dashed line) pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. 
Current densities were normalised using the geometric surface area o f the GC electrode (0.071 cm“).
As seen in the Triton X-100 electrodes, an ORR current is observed for the whole range of 
MWCNT loadings manufactured with Tween 20 surfactant, although the onset potential is 
only defined where MWCNT loadings of 7.5 pg upwards are used. Again, no shift with the 
onset potential is seen and no diffusion-limited current between 0.2 and 0.6 V vs. Ag|AgCl is 
observed. As also noticed for Triton X-100, the ORR current density is related to increasing
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capping layer loadings of MWCNTs but Figure 5.13 shows that the relationship is only 
linear between 5.0-12.5 pg in air purged electrolyte.
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Figure 5.13. Current densities at 0.3 V vs. Ag|AgCl of CVs in air and nitrogen purged electrolyte of 
three-layer electrodes with varying Leap MWCNT loadings (2.5-17.5 pg) manufactured with Tween 
20, (Figure 5.12). For all electrodes: Lbase = 2.5 pL of 5.0 mg cm'  ^ MWCNTs in H2 O with 0.5 % v/v 
Tween 20 and Lbod = 2.5 pL of 40.0 mg cm' .^ Data shown are averaged, n > 3. Current densities 
were normalised using the geometric surface area o f the GC electrode (0.071 cm )^.
Whilst the average current density of electrodes with 15.0 pg MWCNTs in Leap also looks to 
fit the linear regression plot, the increase in electrocatalytic activity under N] (g) means that 
the current density cannot be entirely attributed to the BOD-catalysed ORR. This increase in 
current density under nitrogen is due to an increased capacitive current (Figure 5.12), which 
may have occurred as a result of the critical loading level of the ink being reached. The 
gradient of the linear regression line in Figure 5.13 confirms that in N](g) purged electrolyte 
the electrocatalytic activity of the electrodes is the same for 2.5-12.5 pg (note the R value 
does not take into account the data set at 15.0 pg).
The optimal concentration of MWCNTs in the capping layer for electrodes manufactured 
using the Tween 20 surfactant was concluded to be 5.0 mg cm '\ the 6.0 mg cm'^ dispersion 
being excluded due to a large capacitive current under nitrogen.
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5.3.2 Optimisation of Surfactant Concentration in the Capping Layer
The second variable to be investigated was the concentration of surfactant in the capping 
layer. In addition to aiding the dispersion of the MWCNTs in the water to create more 
concentrated dispersions than would otherwise be achievable, surfactant is added to the 
MWCNT/water dispersions to improve BOD stability by creating a hydrophilic environment 
for the enzyme in an otherwise hydrophobic electrode matrix. The influence of surfactants 
on enzymes was discussed in Section 1.8.
The influence of the NIS over the properties of both the dispersion and enzyme require that 
its levels are carefully balanced. If the concentration of NIS is too low, an inhomogeneous 
dispersion will be formed. Conversely, higher concentrations have been shown to negatively 
impact on the enzymes’ a c t i v i t y . B a s e d  on prior literature, a range of concentrations 
between 0.1 and 10.0 % v/v of NIS were selected for investigation.^^’
Homogeneity o f MWCNT/H2O Dispersions with Various Surfactant Concentrations
Following the method outlined in section 5.2.1, 10 different MWCNTs in H2O dispersions 
(5.0 mg cm’^ ) with NIS concentrations ranging from 0.1 to 10.0 % v/v Triton X-100 or Tween 
20 were manufactured and tested for their homogeneity using the glass-slide-droplet method. 
Results were recorded photographically and are presented in Figure 5.14.
MWCNT/H2O dispersions containing > 0.5 % NIS (of both Triton X-100 and Tween 20) 
were all concluded to be homogeneous and were subsequently used to fabricate three-layer 
BOD cathodes that were electrochemically tested to determine the optimal NIS concentration 
for the inks used to construct the Zcap. Homogeneous MWCNT/H2O dispersions containing 
0.25 and 0.1 % NIS were unobtainable at the desired MWCNT concentration (5.0 mg cm'^). 
Clearly the concentration of MWCNTs is too high in relation to the surfactant concentration. 
However, it is interesting to note that the lower concentrations of surfactant (0.1 and 
0.25 % v/v) are in both cases still above the CMC. Triton X-100 has a CMC of 0.23 mmol 
dm'^ whereas solutions of 0.1 and 0.25 % relate to concentrations of 1.71 and 4.28 mmol 
dm'^ respectively. Similarly, the concentrations of the two solutions of Tween 20 were 2.23 
and 0.89 mmol dm'^, compared to a CMC of 0.05 mmol dm'^ .^ ^^
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Figure 5.14. Results from homogeneity testing. Photographic images of 5.0 mg cm'^ MWCNT in 
H2 O inks containing varying concentrations (0.1-10.0 % v/v) of Triton X-100 and Tween 20, with a 
droplet volume of 2.5 pL. Droplet quantities o f the inks were applied to a glass microscopic slide, 
dried and then visually inspected. If no agglomerates were visible to the naked eye the dispersions 
were considered to be homogeneous and acceptable for use.
Electrodes manufactured with dispersions containing 10.0 % surfactant were found to be 
unstable as the entire electrode matrix (all layers -  base, BOD and capping) would then 
detach from the GC electrode surface instantaneously on contact with the aqueous 
electrolyte. As a result CV data for the 10.0 % surfactant concentration (for both Triton X- 
100 and Tween 20) was unobtainable.
Optimisation of Leap Triton X-100 Surfactant Concentration
Results from the CVs performed in air and N? (g) purged electrolyte are shown in Figure 5.15. 
The average current density at 0.30 V vs. Ag|AgCl taken from the CV curves is presented in 
Figure 5.16.
A BOD-catalysed ORR current response is only seen for electrodes containing 0.5-5.0 %v/v 
Triton X-100 in the capping layer. The onset of this current is, however, in all these 
instances well defined. Taking into consideration the repeatability of these electrodes. 
Figure 5.16 shows that varying the Triton X-100 capping layer concentration (between 
0.5-5.0 % v/v) has no impact on the current density in either aerobic or anaerobic conditions. 
It was therefore postulated that the range where the Triton X-100 concentration does impact 
upon the electrocatalytic activity falls below 0.5 % v/v As homogeneous dispersions of 5.0 
mg cm'^ MWCNTs in water with less than 0.5 % v/v Triton X-100 were unobtainable, it was 
not possible to further investigate this hypothesis.
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Figure 5.15. CVs of three-layer electrodes with varying Triton X-100 cone. (0.5-7.5 % v/v) in the Leap 
MWCNT/H 2 O dispersions. For all electrodes: Lbase "  2.5 pL of 5.0 mg cm'^ MWCNTs in HiO with 
0.5 % v/v Triton X-100 and Tbod = 2.5 pL of 40.0 mg cm'^. CVs were run at 10 mV s"' in air (solid 
line) or nitrogen purged (dashed line) pH 5.0 sodium citrate buffer. Data shown are averaged, where 
n > 3. Current densities were normalised using the geometric surface area o f the GC electrode (0.071 
cm^).
There is no difference in the electrocatalytic response between aerobic and anaerobic 
conditions of the electrodes made with 7.5 % v/v Triton X-100 (Figure 5.15 and 5.16), which 
shows that concentrations of >5.0 % v/v Triton X-100 in the capping layer impact negatively 
on the BOD-catalysed ORR within this electrode architecture. Conversely, no CV curves
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display an oxygen limited current response, therefore none of the lower concentrations are 
viewed to be more preferable over the others.
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Figure 5.16. Current densities at 0.3 V vs. Ag|AgCl of CVs in air and nitrogen purged electrolyte of 
three-layer electrodes with varying Triton X-100 conc. (0.5-7.5 % v/v) in the Leap MWCNT/H 2 O 
dispersions, (Figure 5.15). For all electrodes: Lyase = 2.5 pL of 5.0 mg cm'^ MWCNTs in H 2 O with 0.5 
% v/v Triton X-100 and Lbod = 2.5 pL of 40.0 mg cm'^. Data shown are averaged, n > 3. Current 
densities were normalised using the geometric surface area of the GC electrode (0.071 cm^).
Higher surfactant concentrations were observed to negatively impact on the electrode 
performance and no change in performance was observed between 0.5 and 5.0 %. As higher 
concentrations of surfactants have been reported to negatively affect enzymatic 
performance,^^^ a concentration of 0.5 % v/v Triton X-100 in the capping layer was selected as 
the optimal parameter for this variable.
Optimisation o f Leap Tween 20 Surfactant Concentration
Results from the CVs performed in air and N2(g) purged electrolyte are shown in Figure 5.17. 
The average current density at 0.30 V vs. Ag|AgCl taken from the CV curves is presented in 
Figure 5.18.
Results seen for electrodes assembled with varying concentrations of Tween 20 are very 
similar to those observed for Triton X-100. In this instance, a well-defined onset potential at 
0.6 V vs. Ag|AgCl is only seen for 0.5 and 1.0 % v/v Tween 20 in the capping layer, which is 
in agreement with the comparable performance of Triton X-100 and Tween 20 that has been
7^ 7
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observed thus far (a distinguishable onset potential was observed in 0.5 to 2.0 % samples 
with Triton X-100). Unlike electrodes made using Triton X-100, the electrocatalytic activity 
of the electrode matrix under anaerobic conditions increases when the Tween 20 
concentration is > 5.0 %.
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Figure 5.17. CVs of three-layer electrodes with varying Tween 20 conc. (0.5-7.5 % v/v) in the Leap 
MWCNT/H 2 O dispersions. For all electrodes: L^ ase ^  2.5 pL of 5.0 mg cm'^ MWCNTs in HiO with 
0.5 % v/v Tween 20 and Lbod = 2.5 pL of 40.0 mg cm'^. CVs were run at 10 mV s’' in air (solid line) 
or nitrogen purged (dashed line) pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. 
Current densities were normalised using the geometric surface area o f the GC electrode (0.071 cm“).
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Figure 5.18. Current densities at 0.3 V vs. Ag|AgCl of CVs in air and nitrogen purged electrolyte of 
three-layer electrodes with varying Tween 20 conc. (0.5-7.5 % v/v) in the Leap MWCNT/H 2 O 
dispersions. For all electrodes: Tbase = 2.5 pL of 5.0 mg cm'^ MWCNTs in H2 O with 0.5 % v/v Tween 
20 and Tbod = 2.5 pL of 40.0 mg cm'^. Data shown are averaged, n > 3. Current densities were 
normalised using the geometric surface area o f the GC electrode (0.071 cm^).
In conclusion, a concentration of 0.5 % v/v Tween 20 was similarly selected as the optimum 
parameter for the Tween 20 capping layer concentration. Due to the results obtained for this 
variable for both surfactants, and the inability to produce dispersions of 5.0 mg cm'^ 
MWCNTs in H2O with surfactant concentrations below 0.5 % v/v, an investigation into the 
impact of base layer surfactant concentration on the BOD-cathode performance was not 
conducted, for either surfactant.
5.3.3 Optimisation o f  M WCNT Concentration in the Base Layer
The third variable to be investigated was the MWCNT loading in the base layer, which is 
designed to increase electrode surface area, aid BOD immobilisation and facilitate DET by 
the enzym e.^ ' I f  the loading of base layer MWCNTs is too low it will affect the amount of 
enzyme that can be successfully immobilised. Conversely, if the concentration is too high, 
diffusion of oxygen to the immobilised BOD may be affected because repeated ‘wetting’ of 
the electrode architecture may cause the sandwich structure to encase the enzyme; the BOD 
would then be encased in a large concentration of MWCNTs. Preliminary tests conducted in 
section 5.2.3 indicated that variation in the MWCNT loading in the base layer is not 
currently a rate-limiting step, however, but this variable was still explored as it was may also 
impact on the electrodes’ capacitive current.
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As various concentrations of MWCNT dispersions containing 0.5 % v/v surfactant had 
already been trialled (Section 5.3.1, Figures 5.8 and 5.9) it was not necessary to conduct any 
further dispersion tests for this optimisation. Dispersions of 1.0-6.0 mg cm'^ MWCNT/H2O 
were used to assemble three-layer BOD cathodes with Zbase MWCNT loadings of 2.5-15.0 
pg. The BOD and capping layers consisted of what was outlined in Figure 5.6, but using the 
concentrations and loadings that had been optimised to this point.
Optimisation o f  Zbase MWCNT Loading with Triton X-100 Surfactant
Results from the CVs performed in air and N2(g) purged electrolyte are shown in Figure 5.19. 
The average current density at 0.30 V vs. Ag|AgCl taken from the CV curves is presented in 
Figure 5.20.
A BOD-catalysed ORR current with an onset potential of 0.6 V is observed for all Zbase 
MWCNT loadings (Figure 5.19), as was expected. Although, the onset potential is more 
defined for electrodes with Zbase loadings of 10.0-15.0 pg, which implies that higher Zbase 
MWCNT loadings result in a more efficient BOD-catalysed ORR, possibly due to there 
being more MWCNTs to facilitate DET with BOD.
It was hypothesised that higher Zbase loadings of MWCNTs may increase the capacitive 
current, which can in some instances mask the faradaic ORR current. However, in Figure 
5.19, a noticeable increase in capacitive current is only seen for electrodes with a Zbase 
loading of 15.0 pg. It may be that the increased surface area that results from a 15.0 pg 
loading of MWCNTs (compared to lower loadings) is optimal for the existing BOD loading 
(0.1 mg), as it provides an area just large enough to immobilise all of the enzyme, but 
MWCNT loadings of >12.5 pg provide a larger-than-required area for enzyme 
immobilisation and subsequently the electrochemically active surface area increases, 
producing an increased capacitive current.
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Figure 5.19. CVs of three-layer electrodes with varying Ibase MWCNT loadings (2.5-15.0 gg), to 
determine the optimal Lbase MWCNT loading for a three-layer BOD cathode with Triton X-100 on a 
GC electrode surface. For all electrodes; Tbod = 2.5 pL o f 40.0 mg cm'^ and T^ ap = 2.5 pL o f 5.0 mg 
cm’"’ MWCNTs in H2 O with 0.5 % v/v Triton X-100. CVs were run at 10 mV s’’ in air (solid line) or 
nitrogen purged (dashed line) pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. 
Current densities were normalised using the geometric surface area of the GC electrode (0.071 cm“).
The almost identical gradients of the linear regression lines in Figure 5.20 suggest that higher 
current densities are not in fact solely due to an increased ORR activity, but instead result 
from increasing background capacitive current, with the exception of a 15.0 pg loading. 
These findings suggest that saturation of the Zbase MWCNT loading has already been reached
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(below 2.5 |ig) and that within the range of 2.5-12.5 gg, the MWCNT loading has no effect 
on the ORR current density, and thus that any loading level could be viably selected.
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Figure 5.20. Current densities at 0.3 V vs. Ag|AgCl of CVs in air and nitrogen purged electrolyte of 
three-layer electrodes with varying Lbase MWCNT loadings (2.5-17.5 pg) manufactured with Triton X- 
100, (Figure 5.19). For all electrodes: L^oo = 2.5 pL of 40.0 mg cm'^and leap = 2.5 pL of 5.0 mg cm'^ 
MWCNTs in H2 O with 0.5 % v/v Triton X-100. Data shown are averaged, n > 3. Current densities 
were normalised using the geometric surface area of the GC electrode (0.071 cm“).
Optimisation o f hbase MWCNT Loading with Tween 20 Surfactant
Results from the CVs performed in air and N2(g) purged electrolyte are shown in Figure 5.21. 
The average current density at 0.30 V vs. AgjAgCl taken from the CV curves presented in 
Figure 5.22.
A BOD-catalysed ORR current is observed for all Zbase MWCNT loadings (Figure 5.21), as 
was expected, although the onset potential shifts from 0.59 to 0.61 V vs. Ag|AgCl as the 
MWCNT loading increases. Similarly to Triton X-100 containing electrodes, the onset 
potential is more defined for electrodes with Zbase MWCNT loadings of 10.0-15.0 pg, yet still 
no diffusion-limited current is observed.
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Figure 5.21. CVs of three-layer electrodes with varying Lbase MWCNT loadings (2.5-15.0 p.g), to 
determine the optimal Ibase MWCNT loading for a three-layer BOD cathode with Tween 20 on a GC 
electrode surface. For all electrodes: Ibod = 2.5 pL o f 40.0 mg cm'^ and Tcap = 2.5 pL of 5.0 mg cm'^ 
MWCNTs in H2 O with 0.5 % v/v Tween 20. CVs were run at 10 mV s'* in air (solid line) or nitrogen 
purged (dashed line) pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current 
densities were normalised using the geometric surface area of the GC electrode (0.071 cm ').
Beyond 12.5 pg of MWCNTs there is no statistically significant change in the current 
density at 0.3 V in either air or nitrogen purged electrolyte. This suggests that 12.5 pg is the 
optimal Zbase MWCNT loading for three-layer BOD cathodes manufactured with Tween 20
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NIS and for this reason this loading was selected as the optimal parameter for Tween 20 
electrodes.
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Figure 5.22. Current densities at 0.3 V vs. Ag|AgCl of CVs in air and nitrogen purged electrolyte of 
three-layer electrodes with varying Lbase MWCNT loadings (2.5-15.0 pg) manufactured with Tween 
20, (Figure 5.21). For all electrodes: 2.5 pL of 40.0 mg cm"  ^and leap 2.5 pL o f 5.0 mg cm'^
MWCNTs in H2 O with 0.5 % v/v Tween 20. Data shown are averaged, n > 3. Current densities were 
normalised using the geometric surface area of the GC electrode (0.071 cm^).
Considering the aim of the subsequent work was to characterise and compare the 
performance of the two optimised architectures, a MWCNT loading of 12.5 pg was also 
selected for the Triton X-100 containing architecture, as thus far optimisation of all other 
variables (Zcap MWCNT loading and surfactant concentration) had yielded the same optimal 
parameters for electrodes made using either surfactant, which would inevitably allow for 
closer comparisons to be made subsequently.
5.4 Summary
Chapter 5 presented the development and optimisation of three-layer sandwich BOD 
cathodes that utilised the non-ionic surfactants (NlSs) Triton X-100 and Tween 20 as protein 
stabilising agents. As a starting point, a method of sandwich electrode fabrication was 
identified from within the literature that utilised the NIS Triton X-100 in a three-layer BOD 
c a t h o d e .T h i s  method was adapted to also allow for incorporation of the NIS Tween 20,
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producing two different BOD cathodes. The electrode architecture was optimised taking into 
consideration MWCNT loadings, BOD aliquot volume and surfactant concentration.
Two BOD-eathodes containing NIS Triton X-100 and Tween 20 were developed and 
optimised (Chapter 5) to the three-layer sandwich architecture presented in Figure 5.23 and 
were subsequently used to characterise and compare the effects of utilising Triton X-100 and 
Tween 20 as protein stabilisers in BOD cathodes.
■ s
12.5 pg MWCNTs with NIS 
’ C3 P 2.5 uL of 5.0 mg cm~^  MWCNTs in with 0.5%  NIS, then dried and washed
I  0.1 mg BOD
B O D  2.5 uL of 40.0 m g cm-  ^in H2O, then dried
12.5 pg MWCNTs
’ b 3 S 6  2.5 uL o f 5.0 mg cm-  ^MWCNTs in with 0.5 % NIS, then dried
Polished GC Electrode
Figure 5.23. Schematic of the developed and optimised three-layer BOD cathode architectures that 
employ NIS in the electrode fabrication. Where L^ ap = capping layer, Zbod = BOD layer, Zbase = base 
layer.
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6.1 Introduction
This project looks at comparing the use of different protein stabilising agents in low-cost 
BOD-cathodes with sandw ich architectures. Electrode architectures containing room 
temperature ionic liquids (RTILs) and non-ionic surfactants were investigated in Chapters 4 
and 5, respectively. Despite prior literature, the use of RTILs for BOD-cathodes was found 
to be ineffective, but the use of non-ionic surfactants was seen to be more encouraging. Two 
BOD-cathodes containing NIS Triton X-100 and Tween 20 were developed and optimised 
(Chapter 5) to the three-layer architecture presented in Figure 6.1. The objective of the work 
detailed within this chapter was therefore to:
>  Characterise and compare the performance of the developed and optimised sandwich 
BOD-cathodes containing the NIS Triton X-100 and Tween 20.
12.5 pg M W C N Ts w ith  NIS
’ C 3  P  2.5 uL of 5.0 mg cm'  ^MWCNTs in with 0.5 % NIS, then dried and washed
Æ  0.1  mg BOD
BO D 2.5 luL of 40.0 mg cm'  ^in then dried
12.5 pg M W CNTs
' b 3 S 6  2.5 fxL of 5.0 mg cm'  ^MWCNTs in with 0.5 % NIS, then dried
Polished GC Electrode
Figure 6.1. Schematic of the developed and optimised three-layer BOD cathode architectures that 
employ NIS in the electrode fabrication. Where leap ^  capping layer, Zbod = BOD layer, Zbase = base 
layer.
6.2 Evaluation of Background Currents
Prior to further electrochemical characterisations, the electrochemical properties and 
background currents from the non-biological electrode materials and chemicals present in the 
BOD cathodes were evaluated. It is sometimes overlooked that the electrode materials and 
substances in the electrolyte are not always electrochemically inert and may themselves 
generate currents in the potential range of the experiment in question.^
759
Characterisation o f  BOD Cathodes with Surfactants | Ch. 6
Control experiments were conducted on the three-layer electrode architectures optimised in 
Chapter 5, to evaluate the contribution to current density of the three individual layers, Zbase, 
Zbod and Zcap. Thus, the following electrodes were manufactured and tested with CV:
>  No Zbase
^  No Zbod
> No Zcap
> Inactive Z b o d
The presence of Zbod is assumed to be responsible for the ORR current that is observed in 
aerobic electrolyte. However, whilst BOD can transfer electrons between the four copper 
atoms, it cannot shuttle electrons through the bulk protein component of the enzyme and is 
therefore an insulating material. As a result, an electrode with no Z b o d  may be both more 
conductive and electrochemically active, as the Zbase and Zcap layers are able to make 
excellent contact with one another. Consequently a ‘No Zbod’ blank may not be truly 
representative of the Zbase and Zcap contribution to current density in a fully functioning three- 
layer BOD cathode and for this reason, a fourth control, ‘Inactive Z b o d ’ , was tested, which 
used inactivated BOD in place of the active enzyme, so that the insulating properties of the 
protein would still be retained. BOD was inactivated by immersing an aqueous solution of 
the protein into boiling water for 30 minutes, prior to use, using the same concentration as 
for all other electrodes i.e. 40 mg cm'^ in H2O.
Results of the control experiments for the three-layer BOD cathodes manufactured using 
both Triton X-100 and Tween 20 surfactants are presented over the next two sub-sections,
6.2.1 and 6.2.2.
6,2.1 Control Experiments for Triton X-100 Three-layer BOD Cathode
Results from CV in air purged electrolyte of the blank BOD cathodes manufactured with 
Triton X-100 vs. the complete architecture are shown in Figure 6.1. CV curves of the 
individual blanks recorded in air and N2 (g) purged electrolyte, are presented in Figures 6.2 to 
6.3, respectively.
As was expected, a BOD-catalysed ORR current is exhibited by the two controls that contain 
active BOD, ‘No Zbase’ and ‘No Zcap’. Although, the current density at 0.3 V vs. Ag|AgCl 
(-44 and -64 pA cm'^, respectively) is still below what is achieved with a complete three-
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layer architecture (-81 |iA cm'^), indicating that all three layers of the sandwich architecture 
are essential to achieve the highest performance.
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F igure 6.2. CVs of blank electrodes related to the full three-layer BOD cathode architecture, 
containing Triton X-100 as the protein stabiliser. For all electrodes: Lbase and = 5.0 mg cm'^ 
MWCNTs in H2 O with 0.5 % y/v Triton X-100. Lbod = 2.5 pL of 40.0 mg cm"\ CVs were run at 
10 mV s '’ in air-purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current 
densities were normalised using the geometric surface area of the GC electrode (0.071 cm").
No ORR current is observed in the blanks containing no BOD or inactivated enzyme, 
confirming that BOD is the only electrode component capable of ORR catalysis. Comparing 
the CV curves of ‘No L b o d ’ and ‘Inactive L b o d ’ in Figure 6.3, confirms that the presence of 
the protein has an impact on the electrochemically active surface area of the MWCNTs, as 
‘No L b o d ’ has a higher capacitive current compared to ‘Inactive L b o d ’ , which is to be 
expected considering that adsorption is used as the method of enzyme immobilisation. 
However, this large capacitive current is not observed in the complete three-layer 
architecture (Figure 6.2).
Considering the even lower current density of the electrode with ‘No Lbase’ compared to the 
one with no ‘No Leap’, it may be argued that the base layer of MWCNTs perform a more 
crucial role than the capping layer MWCNTs. Furthermore, the ORR onset potential is far 
less defined for the ‘No Lbase’ cathode and has also shifted to more negative values, 
indicating a the BOD-eatalysed ORR mechanism has a larger overpotential without the
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presence of base layer MWCNTs. Though, this postulation does not account for the 
presence of surfactant, which cannot be individually tested due to the surfactants affinity to 
aqueous electrolyte rather than the GC electrode.
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Figure 6.3. CVs of blank electrodes related to the full three-layer BOD cathode architecture, 
containing Triton X-100 as the protein stabiliser. For all electrodes: lbase and leap == 5.0 mg cm'^ 
MWCNTs in H2 O with 0.5 % v/v Triton X-100. Lbod = 2.5 pL o f 40.0 mg cm'^. CVs were run at 10 
mV s'' in air- and nitrogen-purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 
3. Current densities were normalised using the geometric surface area of the GC electrode (0.071 
cm^).
It is interesting to note the redox peaks that appear most prominently at between 0.2 and 
0.3 V in the ‘No Lbod’ electrodes. These peaks have been present in several of the CV 
curves throughout this work, although it is difficult to attribute their presence to a single 
cause. However, there are several possibilities: firstly, these peaks do not appear in any of
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the CV curves from the electrodes that utilise room temperature ionic liquids (RTILs) in the 
electrode architecture. Thus, it is possible that these peaks are inherently caused by the 
presence of surfactant. Alternatively, Ivnitski et a l state that the potential area between 0.0 
and 0.3 V vs. Ag|AgCl is considered as an area related to the oxygen-reducing site of the 
T2/T3 Cu cluster and further propose that although the T1 Cu site is the primary electron 
acceptor, it is possible for the T2/T3 Cu cluster of BOD enzymes that have been unable to 
accept electron transfer via the T1 Cu (possibly due to bad orientation or unfavourable 
distance from the electrode surface) to engage in electron transfer directly with the electrode, 
provided the T2/T3 Cu cluster is in a suitable orientation and proximity to the electrode 
surface .However,  as these peaks arise in both air- and N2-purged electrolyte (Figure 6.3), 
it is more likely that these peaks are to be attributed to the surfactant material.
6.2.2 Control Experiments fo r  Tween 20 Three-layer BOD Cathode
Results from CV in air purged electrolyte of the blank BOD cathodes manufactured with 
Triton X-100 compared to the complete architecture are shown in Figure 6.1.
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Figure 6.4. CVs o f blank electrodes related to the full three-layer BOD cathode architecture, 
containing Tween 20 as the protein stabiliser. For all electrodes: /.base and = 5.0 mg cm'^ 
MWCNTs in H2 O with 0.5 % v/v Tween 20. Lbod ^  2.5 jiL of 40.0 mg c m '\ CVs were run at 
10 mV s'' in air-purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current 
densities were normalised using the geometric surface area o f the GC electrode (0.071 cm“).
/dd
Characterisation o f  BOD Cathodes with Surfactants | Ch. 6
CV curves of the individual blanks recorded in air and N? (g) purged eleetrolyte, are presented 
in Figures 6.4 to 6.5, respectively.
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Figure 6.5. CVs of blank electrodes related to the full three-layer BOD cathode architecture, 
containing Tween 20 as the protein stabiliser. For all electrodes: Lbase and Leap "  5.0 mg cm'^ 
MWCNTs in H 2 O with 0.5 % v/v Triton X-100. Lbod = 2.5 pL of 40.0 mg cm'L CVs were run at 10 
mV s '' in air- and nitrogen-purged pH 5.0 sodium citrate buffer. Data shown are averaged, where 
n > 3 .  Current densities were normalised using the geometric surface area of the GC electrode 
(0.071 cm“).
Additionally visible in Figure 6.4 is an irregularity in the reduction scan between 0.25 and 
0.4 V vs. Ag|AgCl of the 3-layer cathodes. Following personal correspondence with 
Dr. Christopher F. Blanford, these irregularities have been attributed to impurities in the 
protein or denatured protein, which are inherently present in the as-received enzyme. In
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light of this, it has been proposed that future work ineludes purification of the BOD enzyme 
prior to electrode fabrication.
6.3 Kinetics of BOD-Catalysed ORR at Three-layer Electrodes
Kinetic parameters of enzyme catalysed reactions at electrode surfaces can be obtained by 
studying the current densities at peak potentials as a function of the scan rate and Vsean 
rate.'^ '^^  ^ However, the lack of a definitive peak within the CVs of the BOD-cathodes does 
not allow for the derivation of kinetic parameters, as it is not possible to accurately quantify 
the peak potential and therefore whether it shifts. Even so, studying the effect of the scan 
rate on the current density of the most reductive potential in the CV scan (0.3 V vs. 
AgjAgCl) has yielded interesting results (Figure 6.6).
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Figure 6.6. Current densities at 0.3 V vs. AgjAgCl against varying scan rate (5 to 30 mV s' ), for 
BOD cathodes prepared using Triton X-100 and Tween 20 NIS, in air purged electrolyte. Current 
densities were normalised using the geometric surface area of the GC electrode (0.071 cm“).
A clear difference is observed between plots of current density at 0.3 V vs. AgjAgCl against 
scan rate for the BOD-cathodes containing Triton X-100 and Tween 20. However, it is now 
apparent that investigation into varying the scan rate should have begun at 1 mV s'' or 
slower, as the resulting data shows a change between only 5 and 7.5 mV s'' for Triton X-100
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and between 5 and 10 mV s'^  for Tween 20. Therefore, it is difficult to draw any conclusions 
beyond that the rate of electron transfer is a limiting factor above 7.5 mV s '\
6.4 Stability o f BOD Cathodes M odified with Triton X-100 and Tween 20
Long-term stability is one of the most important properties required for an ETC. The 
stability of the three-layer BOD cathodes with respect to continuous operation were 
investigated by chronoamperometry.
CA tests were conducted at 0.3 V vs. AgjAgCl. Thermostated cells were employed to 
maintain a constant temperature of 21.0 ± 1.0 °C and air was constantly purged into the 
electrolyte during measurement to prevent the formation of an oxygen-limited current.
6.4.1 Effect o f  the Lbase and Leap Electrode Layers on BOD Stability
Initially, CA studies were run for 48 hours for both the complete three-layer BOD cathodes 
and a series of blank electrodes ‘Inactive Tbod’, ‘No Zbase’ and ‘No Zcap’, to determine how 
the individual layers contribute to the stability. The results are presented in Figures 6.7 and
6.8 for electrodes manufactured with Triton X-100 and Tween 20, respectively.
In CA, as the potential is held static, capacitive current will be observed towards the 
beginning of the experiment during which it decays exponentially with time, after which 
only the current resulting from faradaic processes will be observed. For this reason, 
negligible current is observed for both ‘Inactive Xbod’ electrodes, with the decay of 
capacitive current clearly displayed in the CA curve for this electrode between 0 and 45 mins 
(Figure 6.7).
It was determined with CV (Section 6.2), that the presence of faradaic current can only be 
attributed to BOD-catalysed ORR, as all other electrode components were determined to be 
electrochemically inactive with respect to redox processes. As was also observed in CV 
(Section 6.2), the faradaic ORR current density in the ‘No Zbase’ and ‘No Zcap’ electrodes is 
lower than the current density of the complete three-layer BOD cathodes, for both Triton X- 
100 and Tween 20 ‘containing’ electrodes. Also, the ‘No Zbase’ electrode again shows a 
lower current density then the ‘No Zcap’ electrode.
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Figure 6.7. Current stabilities against time o f the full three-layer BOD cathode architecture 
containing Triton X-100 as the protein stabiliser vs. related blank electrodes (2 days continuous 
operation). For all electrodes: Lbase and L^ ap ^  5.0 mg cm''’ MWCNTs in H2 O with 0.5 % v/v Triton X- 
100. Tbod ^  2.5 pL of 40.0 mg cm'^ CAs were run at 0.3 V vs. AgjAgCl in air-purged pH 5.0 sodium 
citrate buffer. Current densities were normalised using the geometric surface area of the GC electrode 
(0.071 cm-).
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Figure 6.8. Current stabilities against time of the full three-layer BOD cathode architecture 
containing Tween 20 as the protein stabiliser vs. related blank electrodes (2 days continuous 
operation). For all electrodes: Lbase and Leap ^  5.0 mg cm'’ MWCNTs in H^O with 0.5 % v/v Tween 20. 
^BOD 2.5 pL of 40.0 mg cm'^ CAs were run at 0.3 V vs. AgjAgCl in air-purged pH 5.0 sodium 
citrate buffer. Current densities were normalised using the geometric surface area of the GC electrode 
(0.071 cm-).
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It is, however, interesting to note that in both electrode sets made using the two different 
surfactants, the electrodes manufactured with only one of the two MWCNT layers are stable 
from quite an early stage. The ‘No Zbase’ and ‘No Zcap’ electrodes have a current density loss 
between 1 and 48 hours of only 12 and 16 % (for the Triton X-100 containing electrodes) 
and 11 and 13 % (for the Tween 20 containing electrodes, respectively (Figures 6.7 and 6.8). 
It was proposed that although the electrodes are manufactured in a three-layer process, it is 
unlikely that the three layers do not amalgamate to at least some extent during assembly, 
considering that the process involves repeated wetting of the underneath layers and the 
presence of surfactant will encourage interaction and mixing of species. The almost 
identical BOD stability between the two systems strongly indicates that amalgamation during 
electrode assembly does indeed occur and that, while for clarity during analysis the electrode 
systems are referred to by the layer-components, they should in fact be considered as 
complete electrode matrices where segregated layers do not exist. Furthermore, the 
difference in current density discussed above proves that although mixing of the layers does 
occur, it does not occur to a 100 % extent, as the order of electrode assembly does still have 
an impact, which would not be seen if mixing were complete.
6.4.2 Comparison o f Triton X-100 and Tween 20 Three-layer Electrodes
The current density of the electrodes made using Triton X-100 are, as previously seen in CV, 
higher than for those made with Tween 20. To compare the stability of the three-layer BOD 
cathodes manufactured with the different surfactants, the current density was normalised, 
where the current density at time = 12h was equal to 100 % (to allow for conditioning of the 
electrodes). The resulting curves are plotted in Figure 6.9.
In contrast to the stability of the blank electrodes, the three-layer BOD cathodes are not 
stable throughout the course of the CA experiment. The three-layer ‘Tween 20 BOD 
cathodes’ showed limited stability within the 48 hours. Whilst the current density did not 
fall to zero, a loss of 43 % was recorded over the 48 hours.
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Figure 6.9. Current stabilities (as a %) against time o f the full three-layer BOD cathode architectures 
containing Triton X-100 and Tween 20 as protein stabilisers (2 days continuous operation). For all 
electrodes: Tbase and Leap = 5.0 mg cm"  ^ MWCNTs in H2 O with 0.5 % v/v NIS. Lbod = 2.5 pL o f 40.0 
mg c m '\ CAs were run at 0.3 V vs. AgjAgCl in air-purged pH 5.0 sodium citrate buffer.
However, the three-layer Triton X-100 cathodes indicate the start of a plateau at 
approximately 30 hours, yielding a still fluctuating but more stable current of approximately 
-130 pA cm'^. Up to 30 hours, a 37 % current density loss is observed, which between 30 
and 48 hours drops only by an additional 6 %. In order to determine whether the current 
density of the Triton X-100 electrodes is stabilising, the experiment was repeated for a total 
of 8 days continuous operation. The results are presented in Figures 6.10 and 6.11 for 
current density reported in pA cm‘“ and as a % loss, respectively.
Regrettably, a continuous loss of current was observed for the whole 8 days for both BOD- 
cathodes, where the electrode that contained Tween 20 was observed to have a higher loss of
3.5 %.
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Figure 6.10 Current stabilities against time of the full three-layer BOD cathode architectures 
containing Triton X-100 and Tween 20 as the protein stabilisers ( 8  days continuous operation). For 
all electrodes: Ibase and Leap = 5.0 mg cm'^ MWCNTs in HiO with 0.5 % v/v Tween 20. Lbod = 2.5 pL 
of 40.0 mg cm'^. CAs were run at 0.3 V vs. AgjAgCl in air-purged pH 5.0 sodium citrate buffer.
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Figure 6.11 Current stabilities (as a %) against time of the full three-layer BOD cathode architectures 
containing Triton X-100 and Tween 20 as protein stabilisers ( 8  days continuous operation). For all 
electrodes: Lbase and Leap = 5.0 mg cm'^ MWCNTs in H2 O with 0.5 % v/v NIS. Lbod = 2.5 pL of 40.0 
mg cm'^. CAs were run at 0.3 V vs. AgjAgCl in air-purged pH 5.0 sodium citrate buffer. Current 
densities were normalised using the geometric surface area of the GC electrode (0.071 cm“).
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Addition of bilirubin to the electrolyte after the experiment resulted in positive result, 
therefore, this constant loss may be attributed to a either leeching of the enzyme from the 
electrode or a reduction in the catalytic activity or stability of the enzyme, although it is not 
possible at this time to clarify which (if not all) of the three factors are responsible for the 
observed depletion of current density. However, following an investigation into the 
mechanisms of film loss by Singh et al., it has been proposed that structural rearrangements 
within the electrode architecture resulting in increasing layer stiffness is the primary 
mechanism of activity loss and not desorption of the enzyme.
6.5 Investigation o f Enzyme Loading
Simple and reliable procedures for immobilizing and stabilizing reactive enzymes on an 
electrode have become one of the dominant research topics in contemporary 
electrochemistry.^*^ The term ‘enzyme loading’ refers to the amount of enzyme that can be 
immobilised onto an electrode surface, whilst maintaining the enzyme’s electrocatalytic 
activity. High enzyme loadings are supreme for several reasons. Firstly, higher enzyme 
loadings indicate an efficient and stable immobilisation has been attained. Secondly, it 
increases the enzyme concentration range over which the EFC can be used, without the need 
for scale-up to increase power generation. Lastly, scaling-up of the resulting EFC demands 
less geometric space and smaller quantities of electrode materials, which is highly valuable 
for the application of low-cost, miniaturised EFCs.
Therefore, the optimal BOD loading for particular electrode architectures can be used to 
compare the performance of the different architectures. Determination of the optimal BOD 
loading is also beneficial towards reducing enzyme waste during manufacture. Furthermore, 
utilisation of loadings above the saturation point can create a reservoir of surplus enzyme 
that can mask underlying activity loss.^ ^^
The effect of varying enzyme loadings on the developed three-layer architectures was 
investigated, in order to determine the optimal enzyme loadings and to compare the effect of 
the different surfactants Triton X-100 and Tween 20, used during manufacture of the BOD 
cathodes.
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6.5.1 Varying Enzyme Loading in Three-layer Triton X-100 BOD Cathodes
Three-layer BOD cathodes were manufactured with enzyme loadings ranging from 2.5 to
150.0 fig. The electrodes were tested using CV and the average current densities at 
0.3 V vs. AgjAgCl are presented in Figure 6.12.
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Figure 6.12 Current densities at 0.3 V vs. AgjAgCl for the three-layer BOD cathodes containing 
Triton X-100 as the protein stabiliser, with varying BOD loadings (2.5 to 150.0 fig). For all 
electrodes: Lbase and Leap = 5.0 mg cm'^ MWCNTs in H2 O with 0.5 % v/v Triton X-100. CVs were run 
at 10 mV s'  ^ in air-purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. 
Current densities were normalised using the geometric surface area of the GC electrode (0.071 cm“).
A Langmuir correlation between enzyme loading and current density is observed between 
(Figure 6.12), where R“ = 0.79. Beyond 25-50 pg of BOD the current density is seen to 
plateau, suggesting that thus the optimal enzyme loading for this electrode architecture lies 
within this range. Beyond this point the electrode architecture is saturated with enzyme, 
which may lead to mass transport problems, due to the blocking effects associated with the 
excess enzyme. It also ought to be considered that increases to the enzyme loading will 
unequivocally result in a dilution to the MWCNT and surfactant concentrations. Further 
work is required to confirm the limiting factor(s).
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6.5.2 Varying Enzyme Loading in Three-layer Tween 20 BOD Cathodes
Three-layer BOD cathodes were manufactured with enzyme loadings ranging from 2.5 to
150.0 gg. The electrodes were tested using CV and the average current densities at 
0.3 V vs. AgjAgCl are presented in Figure 6.13.
Similar to Triton X-100, the optimal enzyme loading for the Tween 20 electrodes lies 
between 25 and 50 pg of BOD, but based only on visual inspection it could be suggested that 
the optimal enzyme loading is less than can be achieved with Triton X-100. In order to be 
optimal enzyme loading, an increased number of measurements are required within this 
range, to provide a larger range of data. Without this more affirmative conclusions are not 
possible.
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Figure 6.13 Current densities at 0.3 V vs. AgjAgCl for the three-layer BOD cathodes containing 
Tween 20 as the protein stabiliser, with varying BOD loadings (2.5 to 150.0 pg). For all electrodes: 
Lbase and L^p = 5.0 mg cm'  ^MWCNTs in H^O with 0.5 % v/v Triton X-100. CVs were run at 10 mV s' 
' in air-purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current densities 
were normalised using the geometric surface area of the GC electrode (0.071 cm )^.
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6.6 Summary
BOD ORR currents have been observed for BOD cathodes fabricated using both Triton 
X-100 and Tween 20, although the current densities of the ‘Triton X-100 electrodes’ are 
consistently higher than the ‘Tween 20 electrodes’. Electrodes containing Triton X-100 are 
also observed to attain a higher enzyme loading than those containing Tween 20. Although, 
no difference was observed in the stabilities of the electrodes during continuous operation.
The variation in the performance observed between the electrodes manufactured with either 
Triton X-100 or Tween 20 may be attributed to several factors related to their chemical 
structures (Figure 6.14 and 6.15, respectively). The molecular weight of Tween 20 is almost 
double that of Triton X-100 (1228 and 625 g m ol'\ respectively),^^’ but the length of the 
hydrophobic alkyl chain in the two surfactants is similar, where Tween 20 contains a linear 
chain and Triton X-100 a branched chain. As a result. Tween 20 will interact more with the 
hydrophilic enzyme than with the MWCNTs. It is possible that Triton X-100, in which the 
hydrophilic tail and hydrophobic head are relatively similar in size; is able to more evenly 
balance interactions between the enzyme support and the BOD, resulting in enhanced 
interaction between the BOD and MWCNTs.
HsC 
H3C
H3C H3C CH3
Figure 6.14. Chemical structure of non-ionic surfactant Triton™ X-100, where x = 9-10.^ ^^  
Average Mj. = 625 g mol'\ Critical Micelle Concentration (CMC) = 0.22-0.24 mmol dm'^ .^ ’^
OHHO
OH
Figure 6.15. Chemical structure of non-ionic surfactant Tween® 20, where w, x, y and z = 20. 
Average Mr = 1228 g mol'V°^ Critical Micelle Concentration (CMC) = 0.05 mmol
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Furthermore, the substantially larger presence of polar groups on the Tween 20 surfactant 
may serve to disorientate the T1 Cu site away from the MWCNT-COOH, resulting in a 
decrease in electron transfer, which will inherently result in a lower current magnitude.
Interestingly, Yuan et al. reported that enhancement of glucose oxidase-modified carbon 
paste electrodes with Tween 20 was found to be favourable over enhancement with Triton 
X-100. This comparison serves to confirm that no surfactant can be generally optimal for 
biocatalysis of all enzymes, but rather that the surfactant selection must be tailored for the 
individual enzyme under investigation.
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7.1 Project Overview
This research has focused on comparing the use of different protein-stabilising agents in low 
cost bilirubin oxidase (BOD from Myrothecium verrucarid) cathodes with sandwich 
architectures, for use in enzymatic fuel cells (EFCs) for biocatalysis of the electrochemical 
oxygen reduction reaction (ORR). Two BOD cathodes with sandwich architectures, each 
utilising a different protein-stabilising agent during fabrication, were developed, optimised 
and characterised. As a novel route towards cost reduction, use of the carbon black powder 
(CBP) Super P as an enzyme support material was investigated.
The work surrounding this research was subdivided into several objectives, which can be 
categorised as:
>  Chemical COOH-functionalisation of the CBP Super P
>  Development and optimisation of two BOD-cathodes containing protein stabilisers
> Characterisation and comparison of the developed and optimised BOD cathodes
7.2 Conclusions
7.2.1 Chemical COOH-functionalisation o f  the CBP Super P
In Chapter 3, the CBP Super P (Timcal Ltd.) was chemically treated, the aim of which was 
to introduce -COOH groups onto the CBP surface so as to encourage the orientation of 
adsorbed BOD towards an ideal position for efficient direct electron transfer (DET),^^  ^and to 
increase the hydrophilicity of the CBP via the addition of polar functional groups to aid 
homogeneous distribution of the nanomaterial onto the GC electrode surface. As the 
chemical oxidation of Super P had not been previously reported in the literature, treatment 
methods were selected from the literature that had claimed to successfully -COOH 
functionalise another CBP, Vulcan XC72R. Six treatment methods were tested,^ '^^  ^ named 
Ml to M6 for clarity.
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) results 
indicated that all six treatment methods were successful in attachment of COOH groups onto 
the CBP surface, denoted by the presence of a peak in the FTIR spectra at 1695 cm'V^' 
Carbon, Hydrogen and Nitrogen (CHN) elemental analysis and thermogravimetric analysis 
(TGA) showed that Super P is more resilient to the oxidation treatments when compared to
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Vulcan XC72R, and is able to withstand harsher treatments, which was also reported by 
Grzyb et al. (2011) for the oxidation of XC72R compared to other CBPSs and was 
attributed to the difference in surface areas of the parent CBPs (of 60.77 ± 0.08 and 
233.33 ±2.18 m  ^ g '\  respectively), as determined by Brunauer-Emmett-Teller (BET) 
analysis. These BET results were comparable with reported values found in the literature, 
62 and 221 m  ^g'\^^’ for Super P and XC72R respectively.
It was also observed that methods that utilised sonication as a reaction condition resulted in 
the greatest functionalisation of Super P, even when compared to refluxing, as determined by 
the difference in % C content (determined by CHN analysis) between the original and treated 
samples. The post-treatment % C content of Super P ranges between 92.15-84.53 % for 
methods without sonication (M2, M4-M6) and between 79.96-54.31 % with sonication (Ml 
and M3). This was also reported for several other carbon nanomaterials and it was proposed 
that sonication provides the reagents greater access to the pores in the material.
TGA and differential thermo gravimetric analysis (DTG) was also employed to, if possible, 
quantify the carboxyl content of the modified CBPs. Evolution of CO2 between 
(200-600 °C) was attributed to the decomposition of free carboxylic acid groups,^ ^^ '^ ^  ^ but 
this transition, seen more clearly in the DTG curves, overlapped with a narrower weight loss 
transition between 250-385 °C, which was eventually attributed to the evolution of H2O from 
the decomposition of phenols. As a result of this overlap, it was not possible to quantify the 
carboxylate content of the samples with TGA. However, despite the overlap, the DTG 
curves of all samples clearly showed two separate transition phases within this range, so 
although quantification was not possible, TGA results did confirm the presence of -COOH 
carbon surface functionalities (CSFs) on all of the oxidised Super P samples.
Instead, quantification of the -COOH content was achieved using the Boehm titration 
method. As the functionalisation of Super P was novel, a sample of untreated XC72R was 
therefore also tested (for which published data were available) so that reliability of the 
Boehm titration method could be ascertained. In this work, XC72R is shown to have 
0.13 ± 0.01 mmol g'^  of surface -COOH groups, which is in close agreement with 
the -COOH content reported by Zhou et al. (0.12 mmol thus implying that the results
for the Super P samples are reproducible. All of the oxidative treatments were seen to 
increase the mol of -COOH on Super P, which is in agreement with the observations made in 
FTIR and TGA analysis. The most efficient oxidative treatment for -COOH
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functionalisation of the CBP Super P was determined to be M6, which involved refluxing in 
a 3:1 mix of concentrated H N O 3 /  H 2 S O 4 .
Hydrophilicity of the oxidised Super P samples was examined via the stability of 
Super P/H2O dispersions, following sonication. Hydrophilicity was found to increase for all 
of the oxidised Super P samples, with the largest increase resulting from treatment with M6.
The final objective of the work presented in Chapter 3 was to determine which of the six 
oxidation methods were optimal with respect to application of the COOH-Super P as an 
enzyme support material in a BOD cathode. No redox peaks in CV arising from the 
oxidative treatment were detected in the potential window 0.2-0.7 V vs. AgjAgCl. However, 
despite the success of -COOH functionalisation, none of the BOD cathodes manufactured 
with the six COOH-Super P carbons showed a higher current density at 0.3 V vs. AgjAgCl 
compared to BOD cathodes manufactured with untreated Super P. It is suggested that there 
are other physicochemical factors to be considered, beyond -COOH content, in order to 
develop and optimise the Super P carbon for application to a BOD cathode.
As a result, it was concluded that at this stage none of the COOH-Super P were suitable for 
employment in a BOD cathode, without further optimisation. Therefore, in order not to 
hinder analysis of the work subsequently conducted in the project, the CBP enzyme support 
material was substituted by MWCNTs-COOH, using a method that has been confirmed 
several times in the literature to be suitable for BOD DET.^^ ’^
7.2.2 Application and Compatibility o f RTILs in three-layer BOD Cathodes
Chapter 4 presented the attempted development of a three-layer sandwich BOD cathode that 
utilised room-temperature ionic liquids (RTILs) as a protein stabilising agent. As a starting 
point, a method of sandwich electrode fabrication was identified from within the literature 
that used 1-ethyl-3-methyl imidazolium acetate (EMIM-OAc) in a glucose oxidase (GOx) 
a n o d e , w h i c h  was subsequently adapted to fabricate BOD cathodes. The sandwich 
architecture was constructed of three-layers, which for clarity was referred to as the base 
layer (Zbase), BOD layer ( Z b o d )  and capping layer (Zcap). The RTIL was contained in the Zcap.
In the absence of Zcap, where BOD was immobilised via adsorption on MWCNTs-COOH, a 
sigmoidal half-wave shaped CV curve was observed in air-purged electrolyte, attributed to
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BOD-catalysed ORR, with an onset potential of 0.6 V vs. AgjAgCl (pH = 5.0) and an 
average current density of -21 pA cm'^ at 0.30 V vs. AgjAgCl. As no redox species were 
present in either the electrode or electrolyte, the electron transfer was assumed to be DET.^ "^^  ^
Comparisons of the observed onset potential with formal potentials reported in the literature 
for the type 1 (Tl) and type 2/3 (T2/T3) Cu atoms suggested that the T1 Cu is the electron 
accepting site on the protein in DET reactions between BOD and MWCNTs immobilised on 
a GC electrode, which is in agreement for other carbon-based electrodes for which DET with 
BOD was reported.^^^’
However, a negligible ORR current density was observed for the full three-layer BOD 
cathodes. Investigations pertaining to the effect of the Zcap on BOD activity concluded that 
EMIM-OAc was deactivating BOD, which was proposed to be due to the high hydrogen- 
bond basicity of the RTIL anion, due to possible interference with the internal hydrogen 
bonds of the enzyme.*^ ^^  ^ Further investigation using a crudely developed yet quick and 
effective ‘pot test’ resulted in the identification of three RTILs that did not affect BOD 
activity: 1-ethyl-3-methylimidazolium ethylsulfate (EMIM-EtS04), 1-ethyl-3-
methylimidazolium diethylphosphate (EMIM-Et2? 04) and 1,3-methylimidazolium
dimethylphosphate (MMIM-Me2? 04), which has not been previously reported on. The latter 
two RTILs (EMIM-Et2P04) and (MMIM-Me2P04) were also shown to dissolve cellulose and 
as a result were subsequently employed as a substitute for EMIM-OAc in BOD cathode 
fabrication.
Unexpectedly, the presence of the Zcap formed from both newly identified BOD-compatible 
RTILs was still observed to be detrimental to the overall current densities of the BOD 
cathodes, but this was attributed to the electrode matrix peeling away from the GC surface, 
resulting in BOD leaching. In an attempt to resolve this problem, three-layer RTIL- 
containing BOD cathodes were manufactured on carbon paper (CP).
Current densities of up to -391 pA cm'^ at 0.3 V vs. AgjAgCl were observed for (the blank 
No Zcap) BOD immobilised on MWCNTs-COOH modified CP electrodes. Higher (than 
previous) current densities were also observed for the CP three-layer RTIL-containing BOD 
cathodes, with a clearly distinguishable BOD-catalysed ORR onset potential at 0.6 V vs. 
AgjAgCl. No shift was detected between the onset potentials of the cathodes manufactured 
with and without the Zcap, confirming that the catalytic activity of BOD remains unaffected 
by the RTILs, as was seen in the pot tests. However, the current densities of the electrode 
with Zcap were still lower than those attained without the presence of a RTIL-containing Zcap.
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It is suggested that the enzyme has a stronger affinity for the RTILs, the excess of which is 
regrettably designed to be removed from the electrode and thereby resulting in removal of 
the BOD from the electrode matrix. As a result, the use of RTILs as protein stabilisers for 
BOD cathodes was eliminated from further investigation, in favour of non-ionic surfactants 
(NIS).
7.23 Application of NIS to BOD Cathodes: Development and Optimisation of Electrode 
Architectures
Chapter 5 presented the development and optimisation of three-layer sandwich BOD 
cathodes that utilised the non-ionic surfactants (NISs) Triton X-100 and Tween 20 as 
protein-stabilising agents. As a starting point, a method of sandwich electrode fabrication 
was identified from within the literature that utilised the NIS Triton X-100 in a three-layer 
BOD c a t h o d e . T h i s  method was adapted to also allow for incorporation of the NIS Tween 
20, producing two different BOD cathodes. The electrode architecture was optimised taking 
into consideration MWCNT loadings, BOD aliquot volume and surfactant concentration.
I 12 .5  pg M W C N Ts w ith  NIS
C3 p  2.5 liL o f 5.0 m g cm'  ^MWCNTs in with 0.5%  NIS, then dried and washed
/  0 .1  mg BOD
BO D 2.5 uL of 40.0 mg cm'  ^in then dried
I 12.5 pg M W C N Ts
b a S G  2.5 uL of 5.0 mg cm'  ^MWCNTs in with 0.5 % NIS, then dried
Polished GC Electrode
Figure 7.1 Schematic of the developed and optimised three-layer BOD cathode architectures that 
employ NIS in the electrode fabrication. Where Leap = capping layer, Lbod = BOD layer, Lbase = base 
layer.
Two BOD-cathodes containing NIS Triton X-100 and Tween 20 were developed and 
optimised (Chapter 5) to the three-layer sandwich architecture presented in Figure 7.1, and 
were then used to characterise and compare the effects of utilising Triton X-100 and Tween 
20 as protein stabilisers in BOD cathodes.
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7.2,4 Application o f Surfactants to BOD Cathodes: Characterisation and Comparison of 
Electrode Architectures
Chapter 6 presented the characterisation of the three-layer sandwich BOD cathodes that 
utilise the NISs Triton X-100 and Tween 20 as protein stabilising agents, following their 
development and optimisation as outlined in Chapter 5 and above in Figure 7.1. 
Characterisations and comparisons were made in several keys areas, namely;
>  Evaluation of background currents arising from the electrode components
>  The relationship between current density and scan rate
>  Stability of the BOD cathodes during continuous operation
>  Investigation of the highest achievable BOD loading
Evaluation of background currents arising from the electrode components confirmed that 
current densities observed in air-purged electrolyte are arise solely from the BOD-catalysed 
ORR, for both cathode systems. Furthermore, whilst ORR was observed in No Zcap and No 
Zbase control electrodes, the highest current densities were seen in BOD cathodes assembled 
from the full three-layer sandwich architecture. This confirms that the full three-layer 
architecture is required to obtain optimal current densities.
Overall, Triton X-100 was determined to be the more favourable NIS (compared to 
Tween 20) for the three-layer sandwich BOD cathode fabrication, for several reasons. 
Electrodes fabricated with Triton X-100 attained consistently higher current densities than 
those fabricated with Tween 20 (-81 vs. -60 pA cm'^, respectively). Furthermore, it is 
speculated that a higher optimal BOD loading is attainable for the ‘Triton X-100’ electrodes 
of close to 50.0 pg (before the architecture is saturated) compared with just over 25.0 pg for 
the ‘Tween 20 electrodes’. It was proposed that this variability may be due to the stark 
difference in chemical structure of the NISs, namely size of the hydrophilic head and 
quantity of polar functional groups, which in the case of Tween 20 may serve to disorientate 
the Tl Cu site away from the electrode surface, hindering DET.^^ ’^ °^^
However, no difference was observed in the stability of the BOD cathodes during continuous 
operation, which sustained a 70 and 78 % loss in current density over a period of 8 days for 
electrodes fabricated with Triton X-100 and Tween 20, respectively. The 8 % difference 
was attributed to increased conditioning of the Tween 20 containing electrodes during the 
first 12 hours. Leaching of the enzyme into the surrounding aqueous electrolyte was 
confirmed via addition of bilirubin post-operatively. Therefore, this loss in current density
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was attributed to leaching of the enzyme away from the electrode and/or a reduction in the 
catalytic activity of the enzyme.
Although kinetic parameters were not derived for the BOD cathodes due to a lack of a 
definitive peak within the CV curves, plots of varying scan rate against 0.3 V vs. AgjAgCl 
served to further indicate differences between BOD cathodes fabricated using Triton X-100 
and Tween 20. The relationship between current density at 0.3 V vs. AgjAgCl and scan rate 
for electrodes fabricated with the NIS Triton X-100 was almost at a total plateau within the 
range 7.5-30 mV s '\  thus a larger range of data obtain at scan rates below 5 mV s'^  is 
required to provide any information about electron transfer rates.
7.3 Advances vs. Existing Literature
The following achieved objectives are regarded as novel, as they have not previously been 
reported on in prior literature:
>  Exploration of oxidative treatment of Super P
>  Application of Super P to a BOD cathode
>  Investigation of stability of BOD with several different ionic liquids
>  Development and optimisation of three-layer BOD cathodes with Triton X-100 and 
Tween 20 on a GC surface
>  Characterisation of BOD cathode performances confirms that Triton X-100 is better 
for applications in a BOD cathode than Tween 20
7.4 Future W ork
7.4.1 Recommendations for Improvements of this Work
If this work was to be continued or repeated in the future, the following improvements would 
allow for more affirmative conclusions to be drawn in the areas that were identified to 
require further work: -
>  Determination o f Catalytically Active Protein using Mediators 
It was proposed throughout the discussion that good electrical contact of the enzyme
7 ^ 4
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with the electrode surface is required for efficient DET. In the future, CV 
measurements could be performed twice, firstly in the absence of mediators (as per 
this work) and secondly with the subsequent addition of mediators, such as 2,2'- 
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), to the electrolyte. This 
method would allow for an assessment of the residual enzyme that is entrapped 
within the electrode matrix, but not in good orientation or electrical contact with the 
electrode assemblies.
> Standardisation o f BOD Activity
The activity of the as-received BOD from Sigma Aldrich is reported to have an 
activity ranging between 15-60 units mg"\^ ^^  ^ Future work should involve 
standardisation of the as-received enzyme via activity assays (such as UV-vis with 
bilirubin) to eliminate this factor from the variance observed in the performance of 
the BOD cathodes.
>  Dilute Buffers V5. Water fo r  Dissolution o f BOD
In this work, BOD was deposited onto the electrode surface in an aqueous solution. 
However, this allow for fluctuations in the pH of the electrode surface to affect the 
enzyme during manufacture. Dissolution of the enzyme in dilute buffer solutions 
(10 mMol) would improve the stability of the enzyme during electrode fabrication.
>  Characterisation o f Electrode Assemblies via Electrical Impedance Spectroscopy 
The solution resistance, capacitance and diffusion limitations of the electrode 
assemblies and how this affected the cathode performance was not evaluated. In 
future studies, electrical impedance spectroscopy (EIS) could be employed to 
qualitatively assess whether one of the aforementioned factors is also a significantly 
contributing limitation, or whether research should focus on enzyme development.
7.4.2 Recommendations fo r  Continuation o f  this Work
Whether or not EFCs will ever become commercially viable remains open to debate. 
Nonetheless, EFC research will continue to aid in providing new insights into redox enzyme 
electrochemistry, namely surface and immobilisation chemistry, enzyme structure, stability 
and activity, which will contribute to our fundamental understanding of enzyme catalysis.
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possibly permitting successful future application. Therefore, recommendations for future 
work include the following: -
> Investigate different functional group on MWCNTs fo r BOD cathodes 
Considering that MvBOD has an isoelectric point of 4.2,^ ^^  ^ which means that in 
buffers where pH > 4.2 the enzyme will have an overall net negative charge, it is 
possible that COOH groups are not the optimal functional group to aid adsorption of 
the enzyme onto the nanomaterial support. Despite this group being reported as 
successful in numerous literature papers, it may be worthwhile investigate both 
different functional groups and the activity of BOD in different pH buffers in order 
to improve the current understanding of why COOH are reportedly so effective.
>  Investigate covalent attachment o f BOD to MWCNTs
In this work, stability (during continuous operation) was seen to be a fundamental 
limitation in the performance of the BOD cathodes fabricated with Triton X-100 and 
Tween 20 NISs. The developed electrode architectures currently utilise adsorption 
via ionic interaction, therefore a key point to the beginning of any future work would 
be to investigate the incorporation of other immobilisation techniques (such as 
covalent binding or cross-linking), into this electrode architecture. Considering that 
Triton X-100 provides overall higher current densities, it would be advisable to 
utilise this NIS.
>  Enzyme Purification
The purity of the as-received BOD enzyme from Sigma Aldrich was not determined 
within this work. It may be beneficial to test the purity of the as-received material 
using e.g. gel electrophoresis, followed by purification (if required) by e.g. running it 
through a dialysis membrane with a 30 kDa molecular weight cut-off. Removal of 
any non-catalytic protein material would increase the enzyme loading on the 
electrode surface.
> Future application o f RTILs to BOD
In this research, EMIM-OAc was shown to affect BOD activity, which was 
suggested not to result from micelle formation,^^^  ^ but it was determined to be 
beyond the scope of this project to determine why this inactivity is observed. 
Considering the efficiency of EMIM-OAc for cellulose dissolution, it would be 
beneficial to understand the mechanism of inactivation of BOD by EMIM-OAc.
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Furthermore, the current literature that exists on the activity and stability of BOD 
from Myrothecium verrucaria in RTILs is somewhat limited, in that the number of 
investigations does not reflect the wide range of RTILs that are commercially 
available. These two suggestions for future work could be achieved through the 
employment of spectrophotometric techniques, utilising bilirubin as a substrate, 
which would provide information on the activity, stability and kinetics of this 
enzyme in the presence of the RTIL.
> Investigate novel BODs
The electrodes that were developed within this project may be further optimised 
through the employment of novel, high-performance BODs. Within the last two 
years, research into enzymes has resulted in the identification of two newer strains of 
BOD that are reported to have improved properties compared to BOD from 
Myrothecium verrucaria (Mv-BOD),^^^  ^which has been the enzyme of choice for the 
ORR to date. BOD from Bacillus pumilus displays a high activity at pH 7.0 
(Zcat of 391 s'^  for ABTS)^ "^^ ’ and a high thermal stability where operational 
conditions of up to 70 °C have been reported.^^^  ^ BOD from Magnaporthe oryzae has 
also shown good thermal s t a b i l i t y , h i g h  activity (Acat of 664 s'^  for ABTS)^^^  ^and 
stability at pH 7 and, of most interest, its employment within a cathode resulted in 
the highest known current density for the enzymatic ORR under physiological 
conditions (1.37 mA cm'^ ).^ ^^ ^
7 ^ 7
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A ppendix A: fo r  results discussed in Chapter 3 
Thermogravimetric Analysis (TGA)
TGA was employed to support the deductions made during FTIR analysis, with respect 
to -COOH functionalisation and to quantify the carboxylate content of the oxidised CBPs.
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Figure A .l TGA and DTG curves o f the GBP Vulcan XC72R before chemical treatment, obtained 
under nitrogen. Temperature control program; ramp from RT to 900 °C at 10°C / min.
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Figure A.2 TGA and DTG curves o f the GBP Vulcan XG72R after chemical treatment via Method I 
(M l), obtained under nitrogen. Temperature control program: ramp from RT to 900°G at 10"G / min.
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Figure A 3 TGA and DTG curves of the GBP Vulcan XC72R after chemical treatment via Method 2 
(M2), obtained under nitrogen. Temperature control program: ramp from RT to 900 °C at 10 ”C / min.
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Figure A 4 TGA and DTG curves of the GBP Vulcan XG72R after chemical treatment via Method 3 
(M3), obtained under nitrogen. Temperature control program: ramp from RT to 900 °G at 10 °G / min.
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Figure A.5 TGA and DTG curves of the GBP Vulcan XG72R after chemical treatment via Method 4 
(M4), obtained under nitrogen. Temperature control program: ramp from RT to 900 °G at 10°G / min.
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Figure A . 6  TGA and DTG curves of the GBP Vulcan XC72R after chemical treatment via Method 5 
(M5), obtained under nitrogen. Temperature control program: ramp from RT to 900 °C at 10 °C / min.
0.20
100-
TGA
9 0 - 0 .15
DTG
8 0 -
0.107 0 -.5?<u
$ 6 0 -
0 .0 5
5 0 -
4 0 -
0.00
6 0 0 8 0 0200 4 0 00
n>
05’
n
T em perature /° C
Figure A.7 TGA and DTG curves o f the GBP Vulcan XG72R after chemical treatment via Method 6  
(M 6 ), obtained under nitrogen. Temperature control program: ramp from RT to 900 °G at 10 °G / min.
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Electrochemical Characterisation
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Figure A . 8  CV curves of GC-Super P/PTFE electrodes in nitrogen-purged electrolyte, where the 
CBP Super P has been chemically treated with six different methods (M l to M 6 ). CVs were run at 
10 mV s'' in pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current densities 
were normalised using the geometric surface area of the GC electrode (0.071 cm^).
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Figure A.9 CV curves of GC-XC72R/PTFE electrodes in air-purged electrolyte, where the CBP 
XC72R has been chemically treated with six different methods (Ml to M6 ). CVs were run at 
10 mV s"' in pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current densities 
were normalised using the geometric surface area of the GC electrode (0.071 cm“).
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Figure A. 10 CV curves of GC-XC72R/PTFE electrodes in nitrogen-purged electrolyte, where the 
CBP XC72R has been chemically treated with six different methods (M l to M 6 ). CVs were run at 
10 mV s '’ in pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current densities 
were normalised using the geometric surface area of the GC electrode (0.071 cm^).
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Figure A.l 1 CV curves of GC-XC72R/PTFE-BOD electrodes in air-purged electrolyte, where the 
CBP XC72R has been chemically treated using six different methods (Ml to M6 ). CVs were run at 
10 mV s '’ in pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current densities 
were normalised using the geometric surface area of the GC electrode (0.071 cm“).
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Figure A.12 CV curves o f GC-XC72R/PTFE-BOD electrodes in nitrogen-purged electrolyte, where 
the CBP XC72R has been chemically treated using six different methods (M l to M6). CVs were run 
at 10 mV s'" in pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current 
densities were normalised using the geometric surface area o f the GC electrode (0.071 cm^).
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Figure A.13 Current densities at 0.2 V vs. Ag/AgCl from CVs of GC-XC72R/PTFE electrodes, with 
and without BOD, in air- and nitrogen-purged electrolytes, where the CBP XC72R has been 
chemically treated using six different methods (Ml to M6). Data shown are averaged, where n > 3. 
Current densities were normalised using the geometric surface area of the GC electrode (0.071 cm^).
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A ppendix  B: fo r  results discussed in Chapter 4
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Figure B.l CVs of 3-layer BOD cathodes containing EMIM-OAc, with various loadings of BOD 
(0.02, 0.04, 0.06, 0.08 and 0.1 mg). For all electrodes: Lbase = 20 layers of 10.0 |iL in H 2 O, and Leap =
10.0 |iL of 0.1 % MWCNTs and 3.0 % cellulose in RTIL. CVs were run at 10 mV s'' in air- and 
nitrogen- purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current 
densities were normalised using the geometric surface area of the GC electrode (0.071 cm“).
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Figure B.2 CVs o f 3-layer BOD cathodes containing EMlM-OAc, with various loadings of BOD 
(0.10, 0.15, 0.20 and 0.25 mg). For all electrodes: Ibase = 20 layers of 10.0 pL in H2 O, and leap = 10.0 
pL of 0.1 % MWCNTs and 3.0 % cellulose in RTIL. CVs were run at 10 mV s'' in air- and nitrogen- 
purged pH 5.0 sodium citrate buffer. Data shown are averaged, where n > 3. Current densities were 
normalised using the geometric surface area of the GC electrode (0.071 cm').
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A ppendix C: fo r  results discussed in Chapter 6
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Figure C .l CVs of 3-layer BOD cathodes in air-purged electrolyte prepared with Triton X-100 NIS, 
where the scan rate was increased from 5 to 30 mV s '\  Current densities were normalised using the 
geometric surface area of the electrode (0.071 cm“). L^ ase = 2.5 pL of 5.0 mg cm'^ MWCNTs in H2 O 
with 0.5 % Triton X-100, Lbod^ 2.5 pL of 40.0 mg cm'^ and Leap = repeat o f Lbase-
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Figure C.2 CVs of 3-layer BOD cathodes in air-purged electrolyte prepared with Tween 20 NIS, 
where the scan rate was increased from 5 to 30 mV s''. Current densities were normalised using the 
geometric surface area of the electrode (0.071 cm'). Lbase = 2.5 pL of 5.0 mg cm''’ MWCNTs in H2 O 
with 0.5 % Tween 20, Lbod=" 2.5 pL of 40.0 mg cm'^ and Cap = repeat o f Lbase-
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